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PREFACE 

Ih the following pages I have endeaTOured to present a 
connected, and, in a measure, condnuous account of the 
subject of {dioto-chemistry in its modern development. Unifi- 
cation of the scattered elements of this subject is no easy 
task, in view of the almost inevitable contingency of actino* 
chemical changes with other thereby rec(^nized and charac- 
t^zed alterations of material systems. 

There has resulted a delay, not without danger, in the 
attainment of independent status by photo-chemistry, having 
been for so long ancillary to her elder sisters, thermo- and 
electro-chemistry, so that only by a masquerade, momentous 
both for theory and practice, as the science of radio-activity 
has this Cinderella of the sciences been accorded its due 
recognition. 

There exists, and is likely to continue, some difference of 
oiMnion as to the desirability of incorporating a discussion 
of photo-physical and radiation phenomena and laws in a 
work on photo-chemistry. But n^ect of this aspect of the 
question and too narrow a circumscription of its domain can 
only lead to liirther delay in the discrimination of a definite 
body of laws for this science. For this reason the plan has 
been followed in the present work of discussing at some 
length certain intensive studies on cardinal points in photo- 
chemical change rather than that of enumerating and record- 
ing every example of photo-chemical reaction or light-sensitive 
substance. The aim has been to aid students with examples 
of working hypotheses helpful in the completer investigation 
of the economy of any given photo-chemical reacdon. 

As such a woricing hypothesis, the conception that in 
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photo-chemical change singular intermediate complex ions, or, 
specifically speaking, veritable latent light-images, are formed, 
appeals the most promising. The singuiarity involves concord- 
ance of the reaction order or kinetics of their growth and 
decay with the optical conditions of absorption and emission, 
the inlermediacy or metastability of theii constitution implies 
imperfect coincidence of photo-chemical equilibrium with the 
thermodynamicallf stable equilibria possible to the independent 
chemical components present. 

Every photo-chemical change is in consequence virtually 
photographic, the equilibrium to which it tends implies, so to 
■ay, a radiation proto-type of a colloid, a characteristic 
organizatioD radiating &om a centre, as the wdt effect 
possible. So long as the action is in agreement with the 
princiide of virtual velocities, the change is reversible, the 
partial chemical transformations tautomeric in type. But any 
acceleration of the temps of the change involves a loosening 
of residual affinities in the group which may readily lead 
to an irreversible transfer of an electron to a depolarizer 
and consequently to a fer saltum mutation of the total raergy 
such as the quantum theory of Planck demands. Hence the 
maximum work developable is as much contingent on the 
accommodation in space and time of a mutable depolarizer 
as on the nature of the system insolated, a point emfdiasized 
by Grotthus and recently reiterated by Prof. Bancroft On 
this view the primary or direct photo-chemical change may 
well be termed catastrophic, and it is only by its coupling 
with a depolarizer and development as an indirect action that 
the discontinuous nature of the change is masked by a slow 
evolutionary process. It is hoped that the references given, 
although not intended to form a complete index to the 
literature, will serve as guides to the main sections of this. 
The abbreviations adopted are in most cases those employed 
by the Chemical Society in their J<mmai. Thanks are due 
to this Society for permission to use Figure 34 taken from 
their Transactions. In regard to the photo-physical part of 
the initial chapters I am indebted directly and personally, as 
well as indirectly through his writings, to Prof. Karl Schaum, 
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editor of the Zdfsehrifi f. ■wisstnschaftliche PhetografhU, 
Pho!ochemit, u. Photophysik. For invaluable assistance in the 
section dealing with the [diysics of photo-electric efiects, 
phosphorescence, and fluorescence, my thanks are due to 
my friend, Dr. £. N. da C. Andrade, whibt I desire 
to record my indebtedness also to Messrs. C. E. K. Mees, 
Cr. WiDther, F. Wdgert, and others, for valuable and 
chastening criticism. 

lastly, I wish to acknowledge the sustained interest and 
guidance afforded by Sir WilUam Ramsay throughout the 
progress of the work in MS. and in proof. 

S, E. SHEPPARD. 
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PHOTO-CHEMISTRY 



CHAPTER I 

HISTORICAL 

The early history of photo-chemistry is so bound up with the 
progress of science in general that much discussion of it apart 
would hardly he profitable. The intuitive knowledge which 
the ancients possessed of light and its operations was extremely 
deep ; it was, bowerer, synthetic and expressed in their art 
It has been well remariced of the Greeks that their meta- 
physic was a profoundly organized science, but their science 
a ccnfused metapbysic. Hence we find their views, as trans- 
mitted to US, on the nature of light, distinguished by a naive 
realism, which laid more emphasis on the psychological aspect 
of vision than on the outer co-ordination of things seen. 

S I. Three Theories of Light. 

The emissive theory of Plato supposed that the interference 
of a flux from the eye with a kindred flux from a source of 
light constituted the datum of sense, a visual appearance. The 
second condition was wanting in darkness, and so, the circuital 
condition not being fulfilled, nothing was seen. However 
crude the doctrine of ocular beams may seem, it has the merit 
of taking into consideiatioa the reciprocal relation of subject 
and object ; modem physiology has restated Plato's hypothesis 
in the form, that percipience and the direction of attention are 
correlated to an efferent nerve-current. 

Whilst Plato does not specify the carriers of his " streams 
T.P.C. •* 
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of light," Lucretius and others held a quasi-tactile theory as to 
the action of vision, regarding the ocular beams as species of 
levers by which the eye felt or " palped" the object. On the 
other band, Pythagoras supposed that vision was excited by 
small particles emitted by vbible objects. 

Opposed to these views of light as a primary quality was 
the opinion of Aristotle, who considered that light was not 
a substance in any sense, but a peculiar quality or action 
(energeia) of a pellucid medium, which intervened between 
the object and the eye. Colour was a minor, light a major 
activation of this medium. 

These three theories, the normative theory of Plato, the 
eorpusatlar of Pythagoras, and the undulatory of Aristotle, 
occur in one form or another in all subsequent speculation. 

S a. Alchemists and Iatro-chehists. 
The alchemists, preoccupied with the oideavour to isolate 
the assumed abstract principles or qualities of material sub- 
stances, with the aim of transmuting metals, seem to have 
paid little practical attention to the action of light. Similarly 
with the iatro-chemists, who by liberal experiment on the 
human frame, founded rational therapeutics, naturally break- 
ing many eggs in preparing their omelette. And as to the 
alchemists, their dialect or jargon differed from ours, but as 
Bertbelot remarks ' : " Les opinions auxquelles les savants 
tendent k revenir aujourd'hui sur la constitution de la matifere 
ne sont pas sans quelque analogic avec les vues profondes des 
premiers alchimistes." 

i 3. Observations on the Chemical Action of Light. 

The influence of light on the formation of the green colour 
of plants, and the converse bleaching in darkness, was noted 
by Aristotle (350 b.c.) ; and Vitruvius remarked on the bleach- 
ing of pigments by light (100 B.C.). The writings of the 

■ M. Betthelol, La Origints dt FAlchimit, Prtface, p. ij. Pktis 
(St^nhnl), 1S85. 
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alchemists are full of references to the action of light, but 
couched in such vague aod mystic terms that it is uncertain 
whether the connotation is abstract or concrete. It is with 
^ end of the seventeenth century that really empirical study 
b^ins. Ray, the botanist, distinguished the action of light 
from that of ail in plant growth. The Prussian Chancellor, 
Bestucbeff, the discoverer of " iron tincture," or " golden 
drops," a solution of ferric chloride in alcohol, noticed that 
the colour was discharged in sunlight but recovered to some 
extent in darkness, so that he may be credited with the dis- 
covery of the reversibility of photoncheroical action. 



S 4. Chemical Production of Licht. 

The investigation of [^osphorescent bodies (Baldwin's phos- 
phor = fused calcium nitrate), and the subsequent discovciy 
by Brand (1675) of phosphorus, represent the first phase of 
this side of the subject Indirectly they led to the first 
notice of the light-sensiriveness of silver salts (J. H. Schultze, 
Professor of Medicine at Altdorf, 1737),' which remained, how- 
ever, unremarked. Priesdey* supported the emission corpus- 
cular view of light, as explaining best the slower changes of 
colour of bodies exposed to light. 

Of greater importance for our particular phase of chemistry 
were the experiments of Scheele (1777).' He defined a large 
number of photo-chemical reactions, in especial the blackening 
of silver chloride in light and the separation of chlorine. 
He was also the first to use the spectrum photo-chemically, 
remarking that " horn-silver " * became black in the violet 
rays first, which he attributed to the greater readiness with 
which these parted with phlc^iston. 

Of other experiments in the last quarter of the eighteenth 

' S« J. M. Eder, Phel. Ctrrm/., 1881, p. iS. 

' ttutary and Pnttta Stale tf Dittaveriti rtMatg lo Vitiffn, Light, 
and Calauri, 1777. 

' Attiiatfrntignii txamtH f/Kmuum. Upwla ct Lcpa., 1777. 
' Fused (Over cUoridc. 
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centuiy, Senebier's ' are the most interesting. He noted that 
alcoholic tinctures of plant pigments, such as chlorophyll, 
were bleached by light, especially in the presence of air, 
Berthollet (1785), the prophet of the mass law of chemical 
action, noted the decomposition of water by chlorine in sun- 
light." This discovery led some eleven yeare later to the con- 
struction of the first chemical photometer 01 actinometer by 
de Saussuiv.' The latter also employed actinometers made from 
paper soaked in vegetable extracts, which he employed in his 
meteorological observations in the High A.lps. This bleaching 
action was attributed by Berthollet to an absorption of oxygen, 
set free by light. The " £ssay on Combustion," by Mrs. 
Fulhame (1794), deserves mention, since she insisted on the 
presence of water as a necessary condition for the reduction 
of metals from their salts by light. This latter she considered 
as similar in its chemical behaviour to carbon, sulphur, and 
hydrogen, and only reacting by mediate decomposition of 
water. 

S s- Substantial Theory ok Light. 

Light was classed at this period among the imponderable 
substances, with heat and electricity. Thus Davy (1799) 
considered that light combined with oxygen to form OKides, 
oxygen gas being a direct compound of the stuff — ligkl, and 
oxygen potential. 



S 6. Imfra-rbd and Ultra-violet Rays. 

In 1800 W. Herschel made the capital discovery of the 
infra-red region of the spectrum, and Ritter (tSoi) noticed 
the action of the ultra-violet rays upon silver chloride. 

in 1801 Wedgwood and Davy were taking photographs 
on paper treated with silver salts, but could not fix them. 

' J. Senebier, Mimmrti fkyiUo-ekimiquts mr Pinfiimiet dt ta bimiirt. 
Geneva, 17^3. 

' Hittoirt <U VAtadimit Rayalt dei Stiencei de Patit, 1785, p- 290. 
* Crell'i CAtM. Ann., 1796, 1. 356. 
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Thomas Young, the reviver of the undulatory theory (1801- 
1803), showed by projection of Newton's rings on silver 
paper that the ultra-violet rings behaved similarly to the 
visual. J. B. Seebeck showed that silver chloride could to 
some extent reproduce the spectrum, especially after an initial 
exposure.' 

§ 7. Chlorine Reactions. 
Gay Lussac and Th^nard (1809-1810) discovered the 
influence of light on chlorine and hydrogen, and on chlorine 
and ethylene. They considered that light acted similarly to 
heat, Davy opposed this by citing the great chemical activity 
of the violet and ultra-violet, where the heating effect is small. 
In i8i3 he discovered the photo-chemical synthesis of CO and 
Clt to i^osgene gas. Davy also gave prominence to the view 
that the more refrangible rays exert a reducing, the less 
i-efiangible an oxidizing, action. In his researches on iodine he 
noted a darkening of silver iodide in light. StefTens recorded 
an opposite result. It is known now that the darkening only 
takes place in presence of excess of silver nitrate. 

§8. Salts of Metals. 
The light-sensitiveness of a variety of other salts of metals 
(HgCl, -^ ammonium oxalate, Planch^*; manganese salts, by 
Brandenburg') continued to be noticed. Before detailing 
further instances, it is necessary to refer to the important 
work of Grolthus. 

S 9. The Absorption Law.^ 
Grotthus (1818) endeavoured to combine the known facts 
into a body of generalizations, based on the electro-chemical 

■ Edct** Gatk. J. Pkel., Bd, I., 3 Auf., 1905. 

■ ymtm. <li Fkarm., 1813, p. «. 

» yamr.f. Cim. «. PkyL^ 1815, IS, 348. 

• Gia>tH'tAnH.ti.Pkyi.,%\, 50(1819); see alio W. Boncrufl, >»n>. 
PMyt. atom., \%,ziHigdi). 
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theory of Davy and Berzelius. The most important of these 
is generally known as the phoiehthemUal absorption law. 

" Only the rays absorbed are effective in producing chemical 
change." 

Considering that li^t consisted of + and — electricity 
travelling side by side, as i E, be assumed that photo-chemical 
change was equivalent to a direct electrolysis, the components 
separated combining with + and — electricity of light He 
propounded four main classes of action.' 

I. The initial action of light upon a salt in solution was to 
dissociate this salt into products ; one part being much Uss 
soluble than the original salt, the other much more. For 
example, a basic salt is precipitated from a solution of stannous 
chloride in water covered with oil, very much more rapidly 
in light. A similar effect is obtained for mercuric chloride 
mixed with ammonium oxalate, which precipitates calomel, 
and for a solution of ferric oxalate, which precipitates ferrous 
oxalate. The more soluble resultant is, apparently, in 
Grotthus' opinion, the acid component which is liberated. 

II. In oxygen or chlorine compounds decomposed by 
light, the lig^t deoxidizes or dechlorinates the electropositive 
(usually solid) constituents, or prevents their oxidation, etc ; 
in ei/Aer case exerting the inverse action on the inert, electro- 
negative substance (usually liquid or gaseous),* also upon its 
own imponderables ± E. But also out of this first ponderable 
compound, continued light action may remove the more remote 
constituents according to the same law, especially with the aid 
of water. The action will not terminate until the light has 
brought about the most complete separation of the ponderable 
substances, and has made new compounds of the same with 
its own imponderable elements (± E). He further points 
out that oxidation, hydrolysis, chlorination, etc., always imply 
simultaneous deoxidation, etc, elsewhere. Ponderable and 
imponderable substances are, in his view, really only relative, 

> Ostwald's Klastiker, IBS, 94> 

' It ii ita|>ortant lo note that Grotlhuti thus implies the powibilit j of 
change in fclamalum of light, n'ithont n slgnificanl chemicKl chanfte, on 
contact of radiation and matter. 



HISTORICAL 7 

and usually refer to those changes vhicb the ponderable 
matter undergoes. " A ray of light is therefore a line along 
which the elements of neutral electricity arrange themselves 
in polar fashion. There is no actual separation involved, 
but only the tendency to the separation,' and to alternatmg 
molecular recombinaiion of the same." Further details of 
Grotthus* generalizations must be studied in the works cited. 
In its renuritable prevision of the electro-chemical nature of 
light, Grotthus was much in advance of his time. The con- 
ception of tight as a continuous current has. not proved a 
sufficient explanation ; it has rather to be regarded in particular 
cases as a polyphase alternating current. 

% 10. PhOTO-CHEM(STRY up to BONSEN AMD ROSOOE. 

From this time onwards increasing numbers of photo- 
chemical reactions were recorded. Many experiments and 
descriptiona of an uncritical nature might be mentioned dealing 
with the behaviour of organic substances in light, but space 
forbids. Chevreul (r837) published an important woilt on 
vegetable colours, in which the influence of air and moisture 
in assisting bleaching was emphasized. An important period 
b^ns with the researches of N. de Ni^pce and Daguerre 
(1814-1830),' which, as is well known, resulted in the first 
practical photographic process. At one time, the chemical 
effeas of light were supposed to be due to a particular class of 
rays, but experiment has confirmed Grotthus' principle, re- 
emphasized by Draper(i839}, that absorption is the determina- 
tive factor. Biot ' and Malaguti * noticed that many transparent 
substances could greatly reduce photo-chemical effectj and 
this was adduced as proof of the retention of chemical rays. 
Actually, the rays retained are ultra-violet, which are the most 
productive of chemical reactions. E. Becqueret,° one of the 

' What would now be termed "powntial." 

• Cf. J. M. Edet, Gaek. d. Photcgrafk (153-208), nnil J. Wetge, 
Eivlutvn cf PholBgraphy. London, 1890, 

» C. J?., t, aS9, 315. 

• Ann. Chim. H Phy!., 7S, 5 (1839). 
•/«/.[3l».«63t'843)- d.„ucjlX.OO»5Ic 
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greatest names in photo -chemiatiy, observed a differential 
behaviour of silver chloride to the spectrum, which, in con- 
nection with phototropy and chromatic adaptation, will be 
> noticed later. It is now known that by suitable modification 
of the receiving substance, every radiation can exert chemical 
action. A great practical step in this direction was made by 
H. W. Vogcl (1873), w'>o showed that hy suitably incorporating 
colouring matters with silver salts they could be made senutive 
to green and yellow light. 

We must note at this point a theory advocated by Ritter, 
Herschel, and Becquerel,* viz. th&t the short waves of 
great refrangibility exert a reducing action, as opposed to the 
exidiiing zCdoa of the longer waves of greater refrangibility. 
This theory, which was also maintained by Draper, is of 
fundamental moment for the interpretation of photo-chemical 
phenomena, but requires careful handling in particular cases. 

The number of substances specifically sensitive to light con- 
tinues to increase, and many will be referred to in the course 
of this book. The year 1834 saw the commencement of the 
actinometric researches of Bunsen and Roscoe, which have 
remained a model for all subsequent research on the dynamics 
of photo-chemistry. 

' La lumiire, ta cautet el let tffrli, 1871, 
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CHAPTER II 
THE MEASUREMENT OF LIGHT-QUANTITIES 
§ II. Gkohetrical Laws. 
There are certain fundamental laws of geometrical optics 
which are involved in all quantitative light-measurements. 
But it is necessary to remember that in geometrical optics no 
special concept as to the nature of light is made ; this becomes 
necessary in discassing the [diysical interaction of light and 
nuterial bodies, and then these empirical laws appear at the 
most as com[»'ehensive approximations or simplifications 
under certain nairowed conditions. These laws are — 

I. ZJghtispropagaUdinitraighi&nes,iihic!a\£eas\\yicA\KxA 
ttGna the nature of the shadows thrown by a small light source. 

II. T^e rays in a bundle are mutuaUy independent, or the 
effect of a bundle of rays is simply that due to their sum. 

Thus the light-action on a screen produced by a luminous 
body shining thiot^h a hole of moderate dimensions is simply 
propoitionately lessened as the size of this hole is diminished. 
Both of the above laws cease to hold when the hole becomes 
very small ; in this case the phenomena of diffraction and 
inteifereoce come into observation.' It -should be remem- 
bered that rays are only a convenient expression for the 
paths of transference of energy and have no real physical 
existence. We cannot isolate a light-ray, since tbe smaller 
we make the bundle of lays, by narrowing a hole, for ex- 
ample, through which light is streaming the less the property 
of straight-line transference is preserved. 

■ Cr. E. C. C. Baly, SfiicirBitiify, this leries, p. 16. 

, Clooglc 
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If Itgbt-rays are stopped by any object, we get (he phenomena 
of reflection and refraction. The iacident light-ray is split into 
two parts, one continuing a deviated course through the new 
medium, the other being returned into the first medium. 

III. Ailthreerays Uein tAe same plane. 

IV. The inddeni and rejected rays make the same at^U with 
the normal to the new surface} 

V. The ang/e of refraction is related to the angle of incidence by 

the equation n = j[r^i ^ *i"i ^ being the angles between the 
normal and the incident and deviated rays respectively. The 
constant n is teemed the refractive index of the body with 
regard to the surrounding medium. For definite colour or 
wave-length /i is a natural constant; refractive indices are 
usually given with respect to air or vacuum. Further, we 
know, from Newton's fundamental experiment, that white 
light is a manifold of various qualities or species. The 
refractive index usually increases from red to blue, and 
upon this depends the decomposition of white light by a prism. 
This property of transparent bodies is known as their dis- 



principle of a characteristic optical path, sums up the fore- 
going experimental facts of the propagation of light in the 
conception that a properly defined optical path of principal 
importance, e.g. of tbe " Hauptstrahl" or principal ray in an 
optical system, is sufficiently defined by the vanishing of the 
first variation of tbe sum of tbe products of the refractive 
indices of the media, taken consecutively, and the length of 
path traversed in each. Suppose a ray of light to pass from a 
point F by any number of refractions and reflections to another 
point P", then the sum of tbe products of the refractive index 
of each medium into tbe distance traversed, say SfU, is an 

' The teflcctioD dealt with above is " regular" reflection at a definite 
geooieiricai surface. In "diffu<e" reflection, which will be noted ander 
pholomeiry, light U reflected in all directions ; tbii is due to the irrr^laritj 
of the surface, which consists of an infinite number of smaller .surfaces 
inclined at all anglet. 
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extreme vaiue^ that is, it differs from the corresponding sum 
for all paths infinitesimally remote from it in reality, by 
quantities of the second order at the most. Suppose a varia- 
tion of the first order be denoted hy prefixing the symbol S to 
any optical path, then 

SS/*/=o 

The product of the refractive index with the distance 
traversed in any homogeneous medium is termed the optical 
path or optical length of a ray. 




The principle is easily proved for single refraction. Let 
POP* (Fig. i) be the path of the ray, OS be the section of the 
plane of incidence FOR with the bounding surface or tangent 
plane of the second medium. Suppose O' be a point only 
infinitestmaliy remote from in the surface of the refracting 
medium, and let OCV enclose an angle S with the plane 
of incidence, that is, with the lirw OS. Drop a perpen- 
dicular ON from O on to PO' and another ON' on to FO', 

' Soroelinin rimply nbbrevjatfd U> ui " exiremnl " in ile»line wiih the 
Bencml problem of the vtrution of an iniesnt- 
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so that PO' = PO + NO', O'P = OF - O'N', with sufficient 
approximation, i^. so that the squares of differences are 
n^tigible. Then, with the same d^rec of approximation, 

NO' = OO' . cos POO' ; O'N' = 00' . cos P'OC 

In order to calculate cos POO', let the direction- cosines of 
the lines PO and 00' be described with respect to a pair of 
rectangular axes, so that we hare the directing lines OR, OS, 
and OK, where OK is supposed perpendicular to the plane of 
the paper, and must be supplied in imagination. Call ^ the 
angle of incidence PON, then the direction-cosines of PO are 

PO : cos 0, sin ^, o 
and those of 00' 

00' o, COB 0, sin & 

It is a theorem of analytical geometry that the cosine of 
any angle between two given lines is equal to the sum of the 
products of the corresponding direction -cosines of the same 
lines referred to an orthogonal pair of axes. Hence — 
cos POO' = sin ^. cos * 
cos P'OC' = sin i', cos B 
supposing ^' to denote the angle of refraction. Hence, from 
the preceding equations— 

p . PC -i- /i' . O'P" = ft . PO -t-fi.OO'.sin^ 
cos fl + ^' . OP" - ft' . 00' sin ^' . cos fl 

But we have from the definition of the refractive index the 
relation — 

f& . sin ^ = fi' , sin ^' 

hence, provided the point O be infinitely near to the point O', 

ft. PO-f ^'. op's ^.P0' + /.O'P' 

exclusive of fractions of the second or higher order, which 

proves the theorem for a single refraction. The proof for a 

single reflection is relatively simpler.' The vanishing of the 

■ S«e P. Drnde, Lthrb. d. OpHh., p. lo. S. Hirzel, Leipiig (1900). 
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first variation of an analytic function may correspond either to 
a maximum or a minimum of the argument. In the case 
when the refracting hound&iy is a true plane, it follows 
from the coostruction giren that for both refraction and 
reflection the actual optical path is a minimum. The 
principle is therefore often denominated the theorem of the - 
shortest optical path. But it must be remembered that in 
the case of tunxd surfaces, it depends entirely on the nature 
of the curvature as to whether the optical path is a maximum 
or minimum. 

As the refractive-index is inversely proportional, on the 
wave-theory of light, to the velocity of propagation of tight, it 
follows that the optical path ^ is proportional to the time 
taken by the light to traverse the distance /. Hence the 
principle of the shortest optical path coincides with Fennat's 
principle of the quickest transit of light, always provided that 
there be no such curvatures interposed as make the time of 
transit a maximum. On the principle of the super-position 
of variations, the equation 82/*/ = o found for one reflection or 
refraction can be extended to the case of any given number. 
If the equation be written in the form //i^/ = maximum or 
minimum, and the corresponding reciprocal of the velocity of 
propagation be substituted for ^, we have the equation for the 
time of tran»t — 

idl. 

s a maximum or a minimum. 






§ \i. Refractive Indices of Metals akd Absorbing 
Substances. 

It is important to notice that for metals, for colloid metal 
solutions, for dye-stuffs, aitd generally for all cases where 
there is a strong and selective absorption of light, the 
refractive index ^, or the specific refractivity R,, where « is 
the vibration-frequency of a monochromatic ray, is complex, 
that is to say, it is interdependently variable with the specific 
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absorp^oa of the substance for light. As a first approximation 
it may be written — 

R. = r.(, -,.,) 

where r, is the ordinary refractivlty for supposed minimum 
absorption, and k is the absorption index, which is a function 
of the wave-length or vibration- frequency of light {vide p. 136). 
The symbol i= V ^ T, ^nd is not the symbol of a numerical 
quantity but of an operation.' The relation of the refractivlty 
and dispersion of light by media to their chemical constitution 
and to the dynamics of the absorption of light is discussed 
later. 

S 13. Photometry. 
On considering a chemical system acted on by light, it is 
evident that the extent and progress of the action will depend 
on a large number of purely physical factors, some peculiar to 
light as a phenomenon independent of physical bodies, others 
depending on its inteiaction with these. We require to know 
(«) the amount of energy radiated in relation to the nature, 
size, form, etc., of the source ; {b) the light-energy incident on 
the chemical system, which, again, depends on such factors as 
its position, its reflecting power, and so forth; (c) the energy 
transmitted. Now, from what has already been said, it is 
obvious that we can make measurements of the radiated 
energy in three ways. 

I. As light, by physiological action. 

II. As heat, by which we can measure the total energy. 

III. By chemical action. 

These three methods correspond to the titles (I.) Photo- 
metry, (II.) Radiometry, (III-) Actinometry. 

Now, as far as the physical factors indicated above are con- 
cemed, the laws are the same, and all the conditions are 
equally applicable, although they were historically derived by 
the methods of photometry in the narrow sense. We shall 
now briefly consider the more important relations, and the 

' Algebraical expressions in which the »ymbol V — I occurs are tcrrned 
" iiDiginary " or " absurd " qnanlities. Cf. A. N. Whitehead, Ah Intro- 
Juetim lo MaUMiatia (Williami and Notgate, 1911). 
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definitioas or the quantities inrolved. We cannot deal abso- 
lutely with the energy radiated vitbout at the same time con- 
sideiing the recipient surface. Further, in considering the 
three methods of measurement, it is to be noted that the eye 
cannot make absolute judgments of the amounts of light radi- 
ated by difiereot sources. But if two surfaces which are sepa- 
rately illuminated are made optically contiguous, then the eye 
can distinguish rery small differences in Che brightness of the 
surfaces. On this faculty depends the methods of photometry, 
which are essentially comparative. Brightness is a subjective 
quality, ezpiessiug simply the degree of the physiological 
stimulus due to light, which has of course its objective corre- 
lative in the " photo-chemical effect," whatsoever that may be, 
in the retina. 

Light-BooTCM. — All self-luminous bodies and also diffuse 
reflectors may be considered as light-sources proper. They 
may vary in size, in intensity, and in quality or colour of the 
light emitted. The ideal light-source, for simplicity of treat- 
ment, b a point, a good approximation to which is obtained 
by a bole pierced in a screen illuminated by a convenient 
source,' The conditions of experimental work will determine 
how far any light-source may be treated as a point-source. 

Amoniit of Light. — Considering such an ideal point- 
source in free space, then the amount of light emitted is 
that which falls on a surface completely surrounding it. This 
we term A. 

Liglit-8tTBiigth. — A useful conception is that of a tube of 
light This is a cone of rays whose apex is the point-source, 
and the ideal bounding walls of which are formed by l^ht- 
rays. In every cross-section of this tube or cone the amount 
of light will be constant. This follows immediately, for a per- 
fectly transparent medium, if we consider that the amount of 
light is the energy transmitted per unit time through the 
cross-section of the tube. If we consider a sphere surround- 
ing the point as centre at a radius of r cm., the cone will cut 
off a surface, ^, on this, the angle subtended by the cone. 

' Compue this use in Young't celebrated experiment on interfeiencc. 
PreMoD, Thtatj ^ Uikt, and ed., p. 34 ; B«Iy, Sptctrostefy, p. 16. 
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Taking a unit cone subtending d^ on the sphere, the amount 
of light will be proportional to i^, or — 
dK = Idi> 

I is called the intensity or illuminating power of the point- 
source in the direction of the axis of the cone. Physically, it 
is the amount of l^t radiated by the source on to unit surface 
at unit distance, the surface being nonnal to the rays. If I is 
independent of the direction of the lays, the total amount of 
light. A, will be equal to the sum of that due to all unit cooes 
emergent from the point; or, since 4«- is the total angle sub- 
tended at unit distance — 

A= 4a-I 
Generally (Idij, = A 

From this the mean intensity or Ught-strength— 

4» 

Intensity of lUnmination.— This is the amount of light 
received by unit surface. It depends on the distance of the 
illuminant and the inclination of the surface to the direction 
of the rays. Keeping still to point-sources, we have the fol- 
lowing laws of illumination. 

T^e Inverse-Square Zaw. — As before, light is radiated 
from a point as centre on to a sphere. On a surface element, 
ds, of sphere radius i, there falls the amount of light I^. 
Hence, on an equal surface element of a sphere at radius r 

—^ will fall, since the total surface, receiving still the same 

amount of light at distance r, is r^, the surface at radius i. 
Hence the illumination is inversely as the square of the dis- 
tance from the source. Now, for a surface conceived as con- 
sisting of a number of such point-sources, with intensities I„ 
lo, etc., at distances r„ r^ etc., from an illuminated point, the 
amount of light received by this will be — 

. _ "ill , ^I-j 

''- ''* D:,:c.Jt,C.OOglc 



THE MEASUREMENT OF LIGHT-QUANTITIES 17 

If the point be at melt a distance that the differences 
Vi —rif... are n^Ugible — 



then A = "■'':,"*■■ + . 



VHiiM.j 



So we can apply the inverse-square law for a surface at a suf- 
fidendy great distance. 

Intflnuty of IHnminatioii {coniimifd). — The Cosine Law. 
— Suppose the unit cone of angle d^ cut off (is from any sur- 
face intercepting it, and lei the normal to ds make the angle 6 
with the axis of the cone. Let r be the distance of ds from 
the point-source — 

then d^.t* = di cos $ 

But H"X 

Hence the amount of light falling on ds, the unit surface — 

_ ids cos 6 

~ ^^ 

Considering unit surface, ds = i, the amount of light faliii^ 
on am/ surface, say- - 

_ [_cos 6 

Hence, the intensity of iUumintmon of a surface lit by a 
point-souice is proportional to the specific intensity of the 
light-source, inversely proportional to the square of its dis- 
tance, and proportional to the cosine of the ai^le which the 
normal to the surface makes with the direction of the light-rays. 

The Complete Photometric Law. — The condition that 
the light source shall be a point is not always realizable. 
Obviously the illuminating power of a source, and hence its 
photometric or photo-chemical effect will depend upon the 
area of its 8UTface,'its specifk: intensity, and its inclination. 
The following construction shows the relation (see Fig. a) : — 

Let AC, BC be parallel rays from the surface AB, making 
an A ^ with the normal to AB. Then the aaion of AB in the 
T.P.C c , 
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direction of AC, BC will b« the same as that of its projection, 
a surface AB', nornoal to AC, BC. Hence the illuminating 
power is proportional to AB' or AB cos ^. Writing for AB' 



'V 



the surface element i/S, and I for the spedfic intensity of 
the light-source in the direction normal to its surface, then 
I(ff cos V is the light-strength or intensity in the given direction. 
This is the so-called " cosine law " of emission of Lambert.' 

From this and from the forgoing, it follows that the light 
falling on a surface element d£ from a surface element ds of a 
light-source is given by 

_ \d^ds^ cos tf cos ^ 

1 _ ^ - 

For unit areas this becomes 

,, _ I cos tf c os ^ 
A - ^ 

where I is the specific intensity or illuminating power of the 
light-source for unit area, and I' is the intensity of illumination. 
This expression gives the < omplete law of photometry, but in 
practice the conditions are arranged for right-angled radiation, 
so that the cosine factor vanishes.* 

Albedo. — The amount of light rejected in every direction 
by a diffusely retlecting surface on direct normal illumination 
was termed by Lambert its albedo. For a complete reflector 
the albedo = i. It is a factor of importance in photography, 
but the values are only known for a few surfaces. For snow, 

' H. Lftinbeit, Fkttonnlria, sivt dt mtitiura tl gradibmt celorum el 
umirae {ij6o) ; alio Osiirald's KlasstlitT, Nos. 31, 32 (Leipiig), 

* Fur a ligid deriralion of Lambeil's law, sec L'ummel, WUd. Ann., 
10, 449 (IliSo). For self-luminoa» bodies the Uw wu e^cperimcntally 
confirEned by Miiller, Witd. .4nw.,M.366 (1885). Its validity for radiant 
heal was esublitbed by H. Wright, Drade's Ann., 1, 17 (1900). 
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H. W. Vogel gives 0783, Zollner for vhite paper ^7, but this 
must vary, obviously, witb the paper. Lambert's lav is usually 
assumed for good diffusely reflecting bodies, but actually 
considerable deviations are found, and the relation for otlier 
than normal incidence is very complicated.' Wright succeed- 
ing in obtaining very good difTuse reflectors (f>. showing little 
or no r^ular reflection) by compressing powders. He found 
that when a is the angle of emission, /9 the angle of incidence, 
then for constant y3, the l^mbert cosine law holds, but for 
constant a, the radiation is not proportional to cos ;3. 



§ 14. Experimental Photometrv. 

Practical photometry depends on judging when two surfaces 
are equally bright, i.e. equally illuminated. Beside measure- 
ments of the intensity or light strength in 2 given direction, it 
may be desired to measure the total amount of light radiated, 
or light-stream, and the mean light strength (vide p. 77). 
For details as to the calculation of these and for special cases 
of illumination by different commercial light-sources, the reader 
is referred to standard works 00 photometry.' In addition, 
an important application for photo-chemistry is the photometry 
of absorptions, which, together with the laws, of absorption of 
light is dealt with subsequently. 

Light Unita.— Photometry being comparative, it is neces- 
sary to have a de6nite unit or standard. This has long been 
a vexed question, and is by no means settled yet The 
requirements of a primary standard are that it shall have an 
exactly reproducible value at all times and places, and keep 
to that value over a sufficient time for the comparison measure- 
ments. At present, various standards are still in use in differ- 
ent countries. Light-sources of constant and determinable 

• E. V. Lommel. WUd. Ann., S8, 473 (1889); H. Seeliger, Vitrltl- 
iahrukr. d. Attnmem. Ga., il, 216 (tS86). 

• For eiUDple, A. PbIm, Phetomdry, a Trtaliat for InJialriai Ptir- 
p^iet, trani. from the Freach by Patlerson (Sampson, Low, Mantoo ti 
Co.). Fnrth«r, UikUtrakUng und BiltHckiung, Paul Hogner (8, Hft ol 
Electrotechnik in EiDicldBrHEllung) (F. Vieweg, Biuiuwick, 1906)- 
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value will be dealt widi later in connection with actino- 
metry and the experimental conditions of photo-chemical 
investigations. 

In England the former standard was the Parliamentary 



Fig, 3.— Penlane Lamp (Laboratory Model). 

candle, which, with a flame 44-5 mm, high, should bum 777 
grams spermaceti per hour. This, however, is very inconstant, 
the deviations sometimes amounting to 20 per cent. It has 
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been used in one important photo-chemical inquiry.' In 
general use at present are the Vernon Harcourt Pentane 
Lamp, and the smaller Simmance modification of this. The 
fonner bums a mixture of gaseous pentane and air so as to 
give at ordinary barometric pressure a flame 3-5 cms. high. 
Its tight is then equal to that of ten Parliamentary candles' 
(lee Fig. 3). 

The 10 cp. Pentane -Harcourt lamp {Joum, of Gas lighl- 
ii^, p. 1352 (1898)) is used as standard in London. 

Fentane is-obtained from American petroleum, B.P. about 
40", and S.G. between 0*6335 and 0636. Air passes over 
liquid pentane, is saturated, and bums in a soapstone burner. 
The flame is restricted above by a chimney, and below there is 
a conical screen with an opening, through which the lower part 
of the Same radiates. 

The Heher-Alteneck Amyl-aoetate Lamp. — This bums 
pare amyl-acetate. The wick is circular, the wick-tube being 
a double cylinder of 8'3 mm. external and 80 mm. internal 
diameter, 25 mm. in length; the whole of the interspace is 
filled by the lamp, which gives a flame 40 mm. high from the 
edge of the tube some ten minutes after lighting. With all 
liquid-fed lamps the intensity rises on first lighting till a more 
or less constant maximum is reached. 

H. W, Vogel gives the following instructions for its use.' 
The height of the flame is determined by the sight line over 
the two edges of the strip ab (see Fig. 4). To adjust, look 
through the point of the flame at the illuminated edge ab and 
regulate its height by screwing the disc at the side, so that the 
apex of the bright kernel of the flame just touches the under 
edge of ab. This point of the flame lies about half a millimetre 
below the furthest point of the external half-luminous mantle. 

* F. Hotter and V. C. Dtiffield, Photocbemical InTcnigalions, ymr. 
ofSx. Citm. InJ., S, 455 (1890). 

* For completer detult see F. Clowes, Jeur. o/Soe. Chim. Ind., 313 
(1903) ; DibdiD, Jahrb.f. Chtm, Tain., a6 (1888). 

* Fot complete detcription, method of ose uid deteriDmatioDs accord- 
ing to tlic Rcichsamtmlt at Chailoltenbui|;, see Ztitithr.f. Itntr.-Kuiiiii, 
U. "S7 ('!93l- 
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The wick should be of coarse fobric, capable of filling the 




Fig. 4,— Hefner Lamp. 



whole cylindrical space, and of absorbing to excess the 
amyl-acetate, and hence should not be compreiised too tightly 
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in the tube. Mistakes wilt be at once recc^nized by a 
variation of the flame-height. The wick should be so 
trimmed that tbe edges of all the threads lie in a plane with 
the mouth of the tutie. So long as the wick can dip into it, 
the quantity of liquid is immaterial. The intensity of the 
Same is very sensitive to small variations in its bdght. As 
tbe lamp bums a free flame, without any cylinder or screen, 
eiperiments should be carried on in a room Tree from draughts 
and vibrations.' The influence of impurities in the air is very 
marked.* Liebenthal found that variations in the barometric 
bdght produced variations up to 8 per cent. He gives the 
following formuta for his results : — 
I = i'049(i — o'oo53a:)(i — 000073^:,) + o'oooii(i — 760) 
where I = light-intensity, x = the vapour-pressure of water, 
Xi = tbe partial pressure of COi (negligible In well-venti- 
lated rooms), and b = barometric height. 

Tbe Hefner lamp has not become a universal standard lor 
industrial purposes. The French still prefer the Carcel lamp, 
burning colza oil ; while in England both the pentane lamp and 
tbe caiMile are used. Of other standards proposed, the plati- 
num unit and the acetylene flame deserve mention. Violle * 
proposed as the unit of intensity the light emitted by i sq. cm. 
of melted platinum on the point of solidification. It involves 
the use of a constant mixture of oxygen and hydrogen and a 
special cracible, and has not found much favour. Viotle's 
unit was found by Lummer* to equal a6 Hefner units. 
Siemens has proposed electric heating of the platinum. Violle 
has also proposed the use of acetylene," streaming from a 
small conical opening into a wider tube where It mixed with 
air and burnt in a flat " swallow-tail burner." The use of 
acetylene as a secondary standard wilFbe dealt with later. 

■ Foiihe DSC orasilverlaiiip,se«C.H.BolhaiiJy,/^tfff.^r., 231 [1894}. 
' Peuvel, Edet's Jakrh.f. P/M^ 581 (1901) ; TJebcDthal, Ztiisekr.f. 
Inttr.-kmmit, U, 157 (1S95). 

• J. \1olle. Ann. Ckim. tt. Fkyi., [6J, 8, 373 (1884). 

' O. LuTDmcT, ZatithT.f. Inilr.-kHHdt, U, 337 (1893). 

• J. Violle, Compt, rend., lU, 79 <i895) ; Ztitithr. /. BtlttuA.-^itH, 
384ll»96). 
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The construction of an absolute standard of light can only 
be obtained by an interDational agreement, and the fonnation 
of conventions similar to tbose obtaining in respect of the 
ohm and the volt. The most constant sources at present 
obtainable are probably electrically controlled glow-lamps, 
and it is upon certain intermediate standards of this type, 
calibrated from time to time on the Vemon-Haicourt lo c.p. 
pentane lamp, that the photometric determinations at the 
National Physical Laboratory are made.' The relation of the 
English standard to the German is approximately — 
I HK = 09 c.p. 

The light-unit i HK (Hefner-Kerze or Hefner candle) is 
taken as the mean of protracted observations on a Hefner 
lamp at the Physik. Techn. Reichanstalt in Charlottenburg, 
Beriin, for air free from CO, and containing 8-8 litres of 
water-vapour in i cubic metre. The following table sums up 
the terms and units for photometric magnitudes fixed by the 
Geneva International Congress.' 






Light-strength or inlemitj , 
Amount of light (li^l- 

lUunimation 

Satface-hrightncss .... 
Light-Bux 



Candle Hefner ' 

Lux (c«ndle- 
.-ire) . . 

Ctniile cm I 



' See " Investigations on Light Slamlards and the Piesent Coodilion 
of the Htgh-Tolt«ge Glow Lamp," being an ticcounl of tests made al the 
National Physical Laboratory by C, C. Paterson, Proc. lint. Eltetric. 
Enpnteri, 3S, pp. 271-348 (1907); also on "The Proposed Itnenulional 
Unit of Candle Power," by C. C Pateieon, Proe. Phys. Soc. London, xxi. 
164 (1909). 

' On photonitltic units, sec L, Wulicr, EkkitoU^hn. Zeil~<hr., p. 91 
('897)- 
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Here w = a solid angle 

S =: surface in sq. metres, s tn sq. cms., both in diTection 
Dormal to the rays 

r = distance in metres 

T = time in hours 
As matters of usage, it may be noted that the term C.P. 
for candle-power is generally used in England, CM. is the 
illumination given by i candle-power at i metre, and C.M.S. 
is this illumination for i second. The illumination, in candle 
metres, is known as the " indicated brightness," a term due to 
Dr. L. Weber. 



S ig. Photometers and Photometrv. 

The photometric balance is obtained when two brightnesses 
are equal. The photometer serves to bring two surfaces 
separately illuminated into optical contact. One is illuminateLl 
by the comparison light, the other by the standard. The 
intensity of one is diminished by one of the mediods described 
in $ i6 antil a match is obtained.' 

It follows that if two light sources produce at the same 
distance the same apparent brightness (y. supra) on two 
completely similar and equal surfaces equally inclined to the 
direction of the rays, then their intensities or light- strengths 
are the same. Further, if their intensities are different, the 
eye cannot judge what is the difference in brightness of the 
two surfaces, but only that a difference exists. If we cut down 
the light strength of the stronger till the d^erence in brightruss 
▼anisbes, then, supposing x to be the quantity by which the 
greater intently Ii has been reduced, 

assuming that the colours of the lights are exactly the same. 
■ Tbe bcsl method of deternuaing mean horitootal inleniily ii by m 
MtMtlulion method, in which firsl a primary Mandard and thenjlie' ligbt- 
Knice in qacHtion aie Inlanced against the same G(«d tnlennediale 
slindanl. Stc J. A. Fleming, ytmm. IhiI. Klttlr. F.ng., txxii., 144 
11901]. 
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The technical difficulties in photometry arise from the Tacts 
that {a) light-sources are generally different in colour; (b) 
that the difference affects the perception of contrast differentlr 
for different brightnesses of the object-field. Some points in 
this connection will be noticed subsequently, as data of photo- 
chemical interest for the chemistry of vision. For their 
technical bearing, reference must be made to treatises on 
photometry and physiological optics. 

A photometer consists essentially in an object-field, or 
arrangement of two indicating surfaces (termed the photometer 
head in many instruments) and a mechanism for reducing the 
strength or amount of light radiated by one of the sources 
compared. 



S 16, Methods for altering the Lioht-Stkength in a 
Measurable Way. 

Quantitative regulation of the amount of light is of 
importance both for photometry and for actinometry. The 
following are the mo9t useful. 

iBTerBe-Square I«w.— Usually the photometer " head" or 
indicating surface, and the two lights to be compared, are 
mounted on the same optical bench — an accurately divided 
rigid bar — so that all can be moved in the same line. If one 
light is kept at a constant distance, and the other moved till 
the photometric balance is obtained, i.e. the brightness of the 
comparison surfaces are the same, then if i, and i^ be the 
respective intensities, r, and r-t the corresponding distances — 



it being understood that the directions of the rays arc the 
same in both cases. Where light-sources of different sizes are 
in question and it is desired to compare the specific intensities, 
this may be accomplished by interposing a diaphragm. 

Diaplrngms.— This method is familiar to photogra[rfiers 
as " stopping down." Only the effect on parallel rays is 
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considered here. For thcM, the amount of light is proportional 
to the size of the aperture. Let \ be the strength of a light- 
source at a distance r from the diaphragm ; the illumination 
upon this is -p , where s is the area of the aperture. The 

aperture itself functions as a source of light, and at a distance d 
from the diaphragm the illumination will be — 

where a is a proportionality factor, dependent on the absorption 
of the medium. This method has often been used in photo- 
chemical inquiries in order to obtain a series of graded amounts 
of light. R. Luther ' made use of a tube photometer, in which 
even illumination passed through a series of tubes, the ends of 
which were covered by apertures of varying size. A sensito- 
meter constnicled by Spurge * for photographic purposes had 
drcular holes, increasing in a known ratio. 

Saator- Wheels and Talbot's Law. — A special case of the 
use of moving diaphragms is that a rotating disc, out of which 
a sector is cut through which the light passes. Suppose the 
angle be a, and I be the original light-strenglh; then by inter- 
I.a 
' 360- 

to expose a light-sensitive material to a series of increasing 
amounts of light in one operation, then the sector aperture is 
cut out in steps. Thus in Fig. 5, which shows the disc of the 
Hurter and Driffield sensitometer, the angle at the centre is 
180°, and each successive angle is one-half the precedii^. 

In optical photometry it is desirable to have the power 
of altering the angle while the disc is turning. In its simplest 
form the instrument consists of two discs with symmetrical 
sectors of go°, capable of being closed down. Methods 
by which this can be accomplished whilst running have 

' Ztitiek. phytii. Chaa., M, 638 (1899). 

' Phet. JiiHr., p. 44 (i8Sl)j iM., 159 {1885). Cf. also Stliloemami, 
Zat. wia. Phtl. (1906). ^, 



38 PHO TO-CHEMISTR Y 

been devised by Abney* and Lumiaer aod Brodbun* (see 
Fig. 6). 

The method has the great advantage of simplicity and of 
not altering the quality of the light. But another &ctor, viz. 
time, is introduced. It is necessary to assume that intermittent 
lighting integrates its effect by simple summation. We shall 
see later that for the photo-chemical effect this is not always 
the case. For photometry, depending upon the impression on 
the retina, the method depends on the vabdity of Talbot's 
law,' which is thus expressed by Von Helmbolz : ' — " If the 
retina is stimulated by periodically regularly recurring illumi- 
nation, and if the period of interruption is small enough, then 



KlG. s-— Figuie of Hurter and Driffield's Wheel, 
there is a continuous sensation produced equal to that which 
would occur if the light incident were continuous over the 
whole time of illumination." This law has been disputed, but 
the latest measurements are in its favour.* The number of 

' W. de W. Abne]', Colemr MeasHTtmtnt and Mixture (Swan, Sonnen- 
schein & Co., London). 

' E. Lummei and O. Brodhan, Zeitsckr.f. Insl. Kandt, Ifl, 399 ( 1896). 

' W. Fox Talbot, PhU. Mag., [3] 8, 311 (1834), 

* Phytial. OpHk, 3nd ed., p. 483. 

* Cf. Plateau, PkysioUpe d. Netihaut, pp. 30, 34, and 383 ; Kick, 
Pass- 'in'i; M> 457 (1835) ; Helmholi, I01. cit., sup. ; Kleiner, PfiUgo'i 
Ai<hiv., 18, 542 (1878) [ E. Wie<lemann, ffW. Ahh., M, 465 (lUSS) j 
Luniuitr uiiil Krudhun, lae. cit., lufi. 
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intennittencies for securing a continuous effect is about 
40 per sec. for a bnght light, decreasing with diminishing 
intensity. 

The Uu of DiBpersion.' — In order to diminish intensity. 



advantage may be taken of the properties of diverging lens- 
systems. Consider a double concave lens at a distance / 

> The method his been worked out practicing by II. Kriisi for the 
photometry of iniense Ught-sonrccs (a dioptric liphi-diffuser). Kder's 
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from a light-source, and a screen or illuminated surface at a 
distance d, so that the distance of the screen is / + rf. 




Fio. ^. 

Then the rays seem to come from the source at the 
distance/, the refracted pencil illuminating a circle of radius 
r" instead of r, whence the intensities are as f*:r". Ify be 
the focal distance, we have the usual relation — 



/ / / 
If the radius of curvature of the lens be p, then— 



'^-Z 



-J- ar 



r_^P±d 
H P 



so that the intensities are as— 



The value of this method is lessened, especially for photo- 
chemical woric, owing to absorption of light in the glass, as 
well as by the reflection from its surface. In the formula 
above, these conditions are not expressed. 

Polarisation. — The properties of plane polarized light are 
utilized in several ways in photometry, especially in spectro- 
photometry, and these methods will be descnbed in connection 
with certain instruments. 



r 
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S i6a. Photometers add Standard Light Sources. 
We may conveniently classify these as Jnstraments for 
comparing total lixht effects, and instruments in which the 
l^ht is decomposed, and the measurements made for narrow 
spectral regions. 

The former differ principally in the arrangement for the 
indicating surface, or the " Photometer head." In the Rum- 
ford photometer, a rod placed before a white screen is 
illuminated by the two light-sources, when two shadows are 
formed. These appear equally bright when equally illumi- 
nated ; the intensity of Ute comparison light is altered till a 
match is reached. Abney' has modified this method by using 
a special screen, which enables the two light sourqes to be 
fixed, and the juxtaposed shadow-images made equally bright 
by moving the rod. Mr. Chapman Jones ^ has designed an 
opacity meter and an opacity balance based on the Abney 
screen. 

The Bluisen '* Orease-Bpot " Photometer . — A piece of good 
homogeneous paper is uniformly warmed on a plate. In the 
ceattc of this a small circlet or annulus is described with a 
little melted stearin on a fine brush. This ring is allowed to 
cool ; there is a free unwaxed spot within tht: boundary thus 
made, which must now be filled with melted wax, well pressed 
into the psper. The previously formed boundary secures a 
well-defined spot. Viewed in incident light, the grease spot 
appears darker than the surrounding paper; by transmitted, 
lighter ; on equal illumination, the distinction vanishes. Kriiss ' 
uses two reflection prisms, which reSect the two sides of the 
spot and bring them at right angles to the line of vision. 
The eye sees two fields separated by a line line, which dis- 
appears when they are brought to equal brightness. 

The Itommer-Brodliim Photomster. — A defect of the 
Sonsen photometer is that the grease spot not only transmits 
light, but reflects it, while conversely under the same illumina- 

' W. de W. Abney, Imlriicthn in Pketegrapkj, 10 edit., p. I34, 

' C. Jones, Phot. jeufH., p. 86 (1895); iiiJ., p. 99 (tS^). 

• Ed«T'i/aAr4./. Phtl., p. jai (1901). CIoOqIc 
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tion, the surrounding paper transmits as well as reflects. This 
greatly lowers the possible sensitiveness,' which would reach 
its maximum if the external field transmitted no light but 
_ . reflected all. A very close approxi- 

mation to this optimum was made 
by Swan." Two equal right-angled 
prisms are pressed together upon 
a small patch of Canada balsam till 
a circular patch is formed. Light 
falling on this is transmitted ; that 
falling outside is toully reSccted, 
q - as is diagram matically shown on 

I'lo. 8. Fig- 8- 

The eye at q, i, p, sees the ray- 
bundle t from RTS, RS being reflected, and /, q from P, Q, 
the centre portion being transmitted. When both are equally 
illuminated, the distinction vanishes. The principle was re- 
discovered by Lummer and Brodhun,' who have introduced 
many improvements. 

S is a screen of optically worked gypsum ; the light from 




Fig, g.— Lummer and Biodbun's Photomcler. 

the two sources a, and a^ is reflected by mirrors at JiJ^. and 
thence to the optical cube ; this consists of two right-angled 

I Cf. L. Weber, Wied. Ann., 31, 676 {1887). 
' J. W. Swan, Trans. Koy. Soi., Edin. XXI. 
* O. Lumnier and l'^. Brmlhun, Ztittckr. f. /ml, Kunde, 9, 44 antl 61 
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prisms A and B ; part of the spherical face of A is cut off and 
the sarfaces pressed against the hypotenuse of B so that there 
is no film of air between, the use of optically worked flats 
dispensing with the Canada balsam. The observer's eye at E 
focusses the indicating surfaces by means of an ocular perpen- 
dicular to the base of B, Kriiss' double-prism arrangement 
may also be used, as with the Bunsen head. Marten's photo- 
meter' makes use of a bi-prism to bring the illuminated 
surfaces into optical contact. Joly's diffusion-photometer ' con- 
sists of two right-angled prisms of a translucent substance 
(paraffin, ground glass) which are placed with a thin strip of 
silver foil separating the two longer sides ; when the hypo- 
tenuses are equally illuminated, the bases appear to an 
observer's eye of equal brightness. Wild' constructed a 
photometer for polarized light which depends on the vanishing 
of interference fringes caused by the incidence of an extra- 
oidioary and an ordinary ray of different intensities falling on 
a Savart double plate.* Obviously, it can only be used for 
nnpolaiized or depolarized light 

Wslwr'l UniverMl Fhotometer.— These photometers must 
be used in a dark room. A completely enclosed photometer, 
by which a variety of light measurements may be made, has 
been designed by Dr. L. Weber.' 

The accompanying diagram shows the arrangement. A 
comparison light-source s is contained at one end of the fixed 
internally blackened tube A, and illuminates a vertical milk- 
glass plate S, which can be moved along the tube, its position 
being indicated by a scale marked outside. A second tube 
B is capable of free rotation round the axis of A, and contains 
at its jimction with A the Lummer-Brodhun cube F and a 
diaphragm d. It is provided with a further extension R, 
to prevent side light entering, the light to be measured 

■ F. F. Mutms, Ver/i. dttUieh. Pkyi. Ga., 1, 37S (lS9g). 

■ ;. Joljr, PM. Mag., is] 96, a6 (1888). 
' O. WiW, Pfgr. Ann., W, 335 (i8s6). 

' S« e^. T. Preslon, T/uory ef IJght, ind edit., p. 404. 
• Zmi«hr,f. EliktrtUchnik. Hft. 7, 8 and 9 (1889) ; WiM. Ann., 90, 
336 (1883). 

T.P.C. O 1-. 
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itluminating a fixed milk-glass plate m. Then the eye at e 
sees the middle field lit from tn, the outer from S. 

Weber found that the intensity of the benzine lamp ' used 
as the comparison-light s, is a linear function of the height of 
flame; i = n + W, where a and b are constants. A standard 



Fio. 10.— Weber Pliotomeler. 

height of 30 mm, is usually taken, and from this relation, a 
correction can be applied for any variation in the height. 
From 19 to 31 mm. a variation of o'l mm. corresponds to 
I per cent, variation in the measured result In comparing 
two light sources, each is allowed to illuminate the milk-glass 
plate at m in turn, and the milk-glass plate at S is moved till 
a balance is obtained. To reduce an inconvenient intensity, 
' See Ulet under " Ligh( Sources for Sped«l Purposes." 
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other milk-glass pktes can be ineerted at m, the weakening 
coefficients being obtained by previous calibration in the 
photometer. Instead of these, two Nicol prisms may be used, 
the use of which will be described later.' 

When it is desired to measure the intensity of a light- 
source, the indicated brightness of an illuminated surface, or 



the amount of diffuse light (such as daylight) in any given 
direction, the movable tube of the photometet is pointed 
with its axis in the given direction, and a measurement made 
by comparison with the enclosed benzine fiame. The measure- 
ment may then be reduced to standard terms by comparison 
of the intensity of the normal benzine flame with that of a 
standard source of ligbt.^ 

' L. Weber, Sehri/ltn d. nalurahs. Verf, SckUswis-HohtHn, I, H. 3 
(1891). 

* For farthci detaili see Weber, lae. dl.; H. W. V<^el, HdbMck. d. 
f-ktte., ii., p. 13, 4th edit. Benzine is ■ particular fraction of light 
pctroletun, as to the chaiacteriiation of which tf. J. M. Eder, Btitragi xtir 
Pkeliclumie. W, Koapp. An elecdic glow-lamp, with pirtentiomeler 
control, may be snbitilDled with advantage. 
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For other universal photometers, and for photometers for 
deteTmining the ligh^flux (for definition of which see table on 
p. 34), reference must be made to works on the subject, as 
Palaz or Brodhun.' 



S 17. Photometry of the Light Strength in Different 
Directions. 

A theoretical light-source, a point, for example, sends forth 
the same amount of light in every direction. But ordinary 
arti&cial sources diverge more or less widely; there maybe 
differences of temperature in different parts of the source, and 
shadow formation may be more or less inevitable. This is 
particularly the case with the arc lamp, the intensity of which 
varies rapidly as the horizontal direction is departed from. 
In addition to ordinary measurements, made for different 
directions, integrating photometers have been designed which 
permit a direct determination of the total light-flux.' 



S 18. Colour Photometry and Flicker-Photometers. 

The comparison of light-sources described in the foregoing 
paragraph is based on the assumption that they differ but little 
in colour. The perception of contrast is markedly lessened as 
the difference in colour increases. Moreover, even if the surface- 
brightnesses be equal for one absolute intensity, they will not 
appear so for others. This is known as PurJtinjf s phenomenon, 
which may be thus indicated :— If a red and a blue field be of 
equal brightness, and then the illumination of both be decreased 
in the same proportion, the blue appears brighter than the 

' A. Palai, PhBtsmelry i a Treathe for InduHrial Purfeicr, trans, by 
Patterson (Simpson, Low, Marslon & Co.); O. Brodhun, Arti Pkt>l»- 
mtlry in Winkelmann'i Hdbiuh. d. Pkysik., Ind edil. ii,, p. 770 (J. A. 
Barth, Uipiig. 1906). 

' A. Blondel, C.R., IM, 311, 550(1895); R. Albrichi, Eltklml. Zeit., 
81, 595; SS, 31a (1900). Foi calculations with elcclric lamps, see P. 
Hiignet, SleitnileeAtiii iH ritn. Darit., viii. (Vievcg, Bruniwick) ;and K, 
Schaani, PMelochfm. « Fioitgr., Bd. i. p. 115 (Raitb, Leip«^). 
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red. This is further a function of the size of the surface, for 
on diminishing the surface areas of both of the now unequally 
bright fields, a limit is reached, when both appear again equally 
br^t.* 

Usually, in comparing two l^ht sources of considerably 
different colour, the diBerence is removed or lessened by 
cutting out the same spectral region by coloured glasses and 
measuring for this. But obviously it is not legitimate to deduce 
the ratio of the total intensities by this method. M. de L^pinay ^ 
uses two light filters, one transmitting red, the other green, and 
compares the lights for both. If R is the ratio for red, G for 
green, and N for the total intensities, according to L^pinay 

■rr= I + o'loSt I — ■=-). Asimilar method is used by Weber 

in his photometer," but this is only a slightly better approxima- 
tion, in view of the great variation of the spectral emission 
curves of different light-sources. Siemens and Weber have 
proposed methods depending on visual acuteness, but the 
results are not satisfactory. 

Flieker Photometers. — It is claimed for fiicicer {^oto- 
meters that the measurements are independent of the Purltinj^ 
phenomenon. Talbot's law is valid not only for rapidly con- 
secutive illuminations of different intensity, but also when these 
are qualitatively different If a surface is alterqately lit by lights 
of different colour and intensity, a mixed colour is seen when 
the rate of alternation is sufficient, otherwise the sensation 
known as "flicker" is produced. Now this limit is attained 
for a smaller number of periods according as the difference of 
intensities is less. Hence, by adjusting the intensities till the 

' Thia dependeDce on the &iea is due to Ihe fact (hat for '^e fovta 
tenlralii and ihe matnla lulta — the lodless r^ion uf Ihe retina — the 
Paikinj^ pheDommon a absent (J. von Kriet in W. Nagel'i Hdbuth. d, 
Pkytuitfif, p. l8l (1904)). K. Schaum {Zeit. f. IVisj. PAet., iii. 272 
(1905)) (uggeiti thai the curre of ipectral brighiness for a mean inteiuity is 
i by summalinn of curves for a very high and veiy low inteoiily, 

mponding lo the carves for the rods and rones separately. 

' C. R., 07, 1428(1883). 

' Zeilttkr.f. Eltktroiahiai:, let. dl. (1889). 
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"flicker" for a ceruin rapidity just vanishes, the relative 
intensities alone may be measured. Photometers on this 
principle vere first constructed by Rood.' In one form, a strip 
of finely ground glass is alternately illuminated. Kruss ' used 
a movable screen, consisting of two discs, with a portion of 
their peripheries removed, and rotating in opposite directions ; 
and later,' a cylinder oscillating through an angle of 90°. If this 
be the angle between the axes of the beams of two light-sources 
as they converge at the axis of the cylinder, the semi-surface 
of the cylinder is fully illuminated by each light in turn ; 
the eye r^ards the mean field between the two extreme 
portions, and the " flicker " vanishes for equal illumination. 
Simmance and Abady's photometer^ consists of disc-shaped 
surface of white substance (gypsum or better compressed 
magnesia), the circumference being bevelled in a particular ^ 
manner. This is rotated by a motor at a regular speed 
before the observing ocular. At right angles to the line of 
sight and in line with the axis of the disc are the two hghts 
to be compared. Their rays fall on the bevelled periphery, 
which is so cut that alternately illuminated surfaces present 
themselves to view. Other devices have been designed by 
Bechstein ' and Kriiss.' The latter authority on photometry 
points out that so far, it has only been shown that dtflerent 
observers get corresponding values for differently coloured 
light sources, and not that the values obtained are identical 
vrith the physiological brightness. It may be noted here that 
the persistence of light-impression is different for different 
colours,' which may be due to the physico-chemical processes 
corresponding to the act of vision having a difierent velocity 
for different colours. For accurate comparison of hetero- 
' O. N. Rood, Amer. Jmrn., [3] 46, 173 (1893) i iiiJ., [4] S, 194. 

' H. KrtisE, PAyi. Zatsckr, 6, 65 (1904). 

■ $«e also F. P. Wiltman, PAyt. Atv., S, H* (1S96). 

' Prx. Lotid. Pkys. Soe., 19, 39 (1904) ■, Pkit. Mag. (1904). 

* W. Bechstein, Zeittekr.f. Inilr. Kvndt, t6, 45 (1905). 

* H, Kriisg, Ztittchr. f, Imt. Ktiiulf, M, ztfi {tqa^); iHit.. U, ^ 
('90SI- 

= Cf. F. .\lleii, Pkys. Pa:, II, as? (igoo). 
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chromic ligfat-sources, as well as for many other measurements 
of ligbt, it is necessary to resolve the light spectrally, and 
make use of the methods and instruments of spectrophoto- 
metry. 



§ 19, Spectrophotometry. 

The method employed in spectrophotometry consists in 
the juxtaposition of two spectra, one of vhich is that to be 
measured, the other the standard for comparison. An arrange- 
ment at the ocular permits a narrow strip in any desired region 
of a continuous spectrum to be screened off by a diat^iragm, 
so that the contrast in question can be measured throughout 
the spectrum. Beyond the visible spectrum there can be sub- 
stituted for the eye, in the infra-red region a bolometer or 
linear thermopile or radio-micrometer placed in the ocular slit ; 
or in the ultra-violet region a photographic plate. 

Govi ' and Crova appears to have been the first to use two 
contiguous spectra for comparative measurements. For absorp- 
tion worlc, the method was developed by K, Vierordt" who 
based a system of quantitative analysis on it. He used a 
double slit, each half being controlled by a separate screw. 
Owing to the fan-like extension of the spectrum, Uie brightness 
of any part of the spectrum is approximately proportional to 
the width of the slit. Error is introduced in that when one 
slit is wider than the other, the spectra are then of different 
purity and the ocular sUt is not subtending the same spectral 
r^on in each. This failure was recognized by Vierordt 
himself ; and he used smoked glasses to cut down the intensity, 
and then made a final adjustment with the slit. Kriiss* 
introduced a double symmetrical sUt, in which both slits 
remained adjusted about the same middle line, and to ensure 

' Campt. rmd., SO, 156 (i860). 

* F^. Ann., 140, 171 (1870); and Dit Aimtiidung oGu Spettrat 
afiparala iur ntlcmtlrii lUr AbiarpfifH-tpttlra. (Tubingen, 1873.) 

' See G. and H. Ktuns, QuaHiitaHvt Sfeklralanalyti, |). 8g. (Ham- 
l.»g, 1891.) 
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the better contiguity of the images, added the Hufner-Albrecht 
ihomb. 



S 20. Polarization Spectrophotometers. 

In these (he diminution of the intensity is brought about 
by some polarizing adjustment in certain instruments, adjust- 
ment is made to equal visual brightness, and in others this is 
judged by the disappearance of interference fringes. The 
latter method is theoretically the more sensitive, but as Kayser 
remarks, involves more strain on the observer and hence fails 
in the promised increase of accuracy. Of the first class we 
have — 

Olan'B Photometer. '--In this the collimator slit is divided 
into an upper and lower half by a metal strip some 2 mm. 
broad. Adjustable racking of the collimator makes this form 
a fine dividing line between the two spectra, but the adjust- 
ment is different for each region. Gouy' makes the strip 
wedge-shaped and slides it along till the right width inter- 
venes. The light from the slit, after traversing the collimator 
objective, meets a Woltaston prism, the principal section of 
which is parallel to the slit, so that of each slit image an 
ordinary and an extraordinary ray are formed. The collimator 
adjustment is made so that the upper edge of the image of 
Ihe metal strip in the extraordinary ray exactly coincides with 
the lower edge of the same image in the ordinary ray. Hence, 
meeting at the bounding line we have two spectra, their vibra- 
tions being polarized at right angles to each other. The 
alteration of intensity is effected by a Nicol prism, adjustable 
with a divided circle. If the Nicol is rotated from its zero 
point through the angle a, then the ratio of the intensities is 
given by I = Ig tan' a. It is necessary, however, to make a 
series of special adjustments to obtain the actual transparency 
of any substance. 

< P. Glan, Wi.^, Ann., 1, 35t (18E7) ; 8, 54 (187S). 
' Ahh, dt Ckim. ct Phy,.. (5] 18, 5 (1879). Q^^Qgle 
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Haftiar'B Speotrophotometer.'— This differs from Glan's 
in tbftt only one of the bundles of rays is poUrized. I shall 
describe here briefly the improved form, made by Hilgei,* 
whidi difien only in its spectral adjustments from Hufaer's 
second model. For absorption measurements the Welsbacb 
burner, A, gives a convenient light," a slightly diverging cone 
of rays being used, and the light from this passes through 
Hufher-Alhrecht rhomb, B, before it reaches the slit of the 
spectroscope. Tbis is a prism of two plane-parallel surfaces, 
and divides the rays into two bundles separated by a 
vanishingly fine line. Before ihe lower half of the rhomb is 
placed B small polarizing Nicol, C ; before the upper half there 
can be moved by a graduated rackwork adjustment a smoked 
glass wedge, the absorption by which compensates for that due 
to the Nicol. At the slit we have two fields in contact, the 
upper one polarized (the positions of the fields are reversed by 
the rbomb), but otherwise unchanged, the lower one diminished 
in intensity by die absorption to be measured. Where the 
emissioo-fields of two light sources have to be compared, a 
head consisting of two metal prisms with surfaces of optically 
worked gypsum is substituted for the absorption- stand. The 
vertical surfaces are at right angles to each other, but make an 
angle of 45° with the optic axis of the photometer. They are 
then illuminated by the two light sources, placed at right angles 
to the axis of the photometer, when the relative emission can 
be compared. If one prism be removed, and another substi- 
tuted, on which any desired surface is fastened, the reflecting 
power throughout the spectrum can be compared with that of 
the gypsum surface. 

After paning through the collimator, E (Fig. t ia), and the 
dispervion prism, F, the rays of both fields enter an analyzing 
Nicol, wbidi can be rotated on its axis, the roution being 
measured with a vernier on a divided drcle, H. They then 

' JouTH. f. frait. CJUm^ \i\ 16, 190 (1877), and Ztititir. f. phytik. 
CAM... i,56j (1899). 

* C. E. K. Hen aod S. E. .Sheppuil, net. Jimrii., M, 300 (1904) : 
Ztit. nxM. PM»t., y 103 (1904). 

> .\b mrninm filaoMiil lamp nuy be »nbit>lul<.-(l fur thin. 
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pass through the telescope, the fields being optically reversed 
by the eyepiece, so that the field diminished by absorption, or 




other " object" field,' is again uppennost To make measuie- 
ments, the Nicola are first set accurately parallel. This is 

' This appears In lie a convenient plirast fur aucli circuiiiluculinDs as 
■' llic ficM of llic liijlit to lit cunipaieil," cic. 
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best achieved by measuring the absorption of a photographic 
negative.* When the analyser is set at zero, the slight absorp- 
tion due to the Nicol is adjusted by means of the smoked glass 
wedge, l^e light passing through crossed Nicols is proportional 
to tbe square of the cosine of the angle between them, hence 
IibI, cos* $, where 9 is the angle on the circle of the analyzer. 
In the new model, the prism is of the constant deviation 
type,* the wave-lengths being given direct on the drum of the 
screw which moves the dispersion-prism table. This lias the 
fiuttier advantage that the addition of two 30° prisms converts 
the prism into a simple total reflection prism, whereby the 
instrument can be used as a total-photometer for white light. 
The calibration of the ocular slit, i.e. determination of what 
wave-lengths are comprised in any slit-width, is carried out as 
follows : — One edge of the ocular slit is fixed at zero, and a given 
^lectral line (middle of D line, e.g^ brought into alignment. 
This edge is then moved through the desired distance on the 
ocular scale and the spectral line again made to coincide. 
The corresponding values of the ocular and wave-length scales 
which should be obtained for different parte of the spectrum, 
enable a calibration table to be constructed. 

Recently F. Twyman (" Improvements in the Hiifner 
Type of Spectrophotometer," Phil. Mag., April, 1907) has 
pointed out a universal source of error in all polarizing spectro- 
photometers, viz. that the light on transmission through the 
dispersion prism is already polarized, whether it be an oidinary 
prism of 60° or of the constant deviation type, owing to unequal 
reflection of vibrations in and at right angles to the plane of 
polarization. The intensity of the comparison beam may thus 
vary some 30 per cent. It may be compensated in the 
Hiifner (and presumably the Konig) instruments by choosing 
the glass and angles of the Hufner rhomb so as to produce 



' Theoietically, when 9 = 90°, the exllnction ihoald be complete ; 
piacticill;, the aiul]>iei u >ct U 90°, and the NicoU adjusted liUtmaxiiaun) 
ezlinctioD H obtained. Then the abiocption uf a negative U meuored on 
two ijQadrants, and (he fiont Nicol rotated till the umc Tulae U oblainud 

' See E. C.C. Italy, Sfa/rvun/j', in ihUsvriei, yy. iJ, 58, ir?. 
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a partial polarization equal to that in a plane perpendicular to 
its own produced by the dispersion prism. 

Where high extinctions have to be measured, a convenient 
adjunct is a subsidiary extinction, which is best made of a 
photographic plate developed with ferrous oxalate and used, 
after careful measurement of its light-absorbing power, as a 
cap on the polarizing Nicol. 

Since 1 = 1, cos* B, the extinction-coefficient (yide p. 136) 
t = — 3 log cos ^. 

Other polarizing spectiof^otometers have been designed by 
Glazebrook,' Crova,' A. Wild,' A. Konig,* and J. Kbnig»- 
berger.' The photometers of Wild and Konigsberger utilize 
the vanishing of interference fringes as a criterion that the two 
fields are equal Two ray-bundles proceeding from a divided 
colli ma tor-slit are polarized by a Senarmont or Thomson prism,' 
and then pass through a riiomb of Iceland spar. There issues 
from this a single ray-bundle, consisting of the ordinarily 
refracted ray from one-half of the slit, and the extraordinarily 
refracted rays from the other. This, after passing the disper- 
sion prism, traverses a Savart' interference ptate, and, finally, 
another polarizing prism. Interfering fringes in the Savart 
plate vanish when the united bundle contains equal quantities 
of light polarized at right angles to each other, i.e. when I = 
I„ . P tan" a, where a is the angle which the plane of polariza- 
tion of the first polarizing prism makes with the principal 
section of the Iceland-spar rhomb, and P is an empirically 
determined constant. Konigsbet^er's instrument was a micro- 
photonieter, based on the same principle, for detennining the 
absorption relations of crystals." As before remarked, the 

' Plot. Cam&ridgt Pldhs. See., 4, 304. 

' Ann. dt dim. d Phyi., {5] 89, 536 (1S83). 

' IViBi. Aan., M, 4S» (18S3). 

• /iu/.,Sl. 785(1894). 

' Ziittthr.f. Imt. KunJe, 91, 139 (1901) ; SS, 129 (1902). 

• For diffeient formB of polnriiing prisms, sec T. Preston, Tktary of 
Light, and edii., pp. 313-315. 449-4M. 

' Sec Pieslon's Li^t, p. 401. 

■ T. KonigiiUTger, "Dependence uf Absorplion of Solid Bodies on 
tile TemiKRiturc," Attn. J, Phyi., I4] 309, 796 {I901). 
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greater sensitiveneis claimed for the method is probably 
rather apparent than real. 

Konig's spectrophotometer has been recently remodelled by 
Martens and Grunbaum,' and, on account of its use in several 
important investigations, demands some description. In the 
spectrophotometers just described the observer looks at the 
spectrum ttaeir, or, rather, at a very narrov band cut out by 
a narrow ocular slit Even with a narrov slit, if the object 
field (absorption) be changing rapidly with wave-length, the 
strip is unevenly illuminated. To avoid this Konig used the 
Maxwell observing method, in which the ocular is dispensed 
with, and the eye, brought in the focal plane of the spectrum, 
looks at the objective. This is then seen illuminated by the 
light which passes the pupil, or a narrow slit brought before it. 



The new construction is, in essentials, a spectroscope with 
the refracting edge horizontal, so that the two fields produced 
for photometric comparison lie vertically. Fig. 12 gives a 
schematic plan of the arrangement. The collimator slit j, is 
diaphragmed to give two slits, a and B \ the two light-bundles 
fall on the objective op-,, pass the dispersion prism P, the Wol- 
laston prism W, and then the biprism Z, which secures optical 
contiguity of the two fields, with no sensible dividing line at 
equal brightness. They next pass through the telescope 
objective 0„ and form in the plane of the ocular slit i^ eight 
spectra, which are shown analyzed at C, D, and E. 

If W and 7. were not present, there would be, as shown at 
C, of a a spectrum at A, of B one at b. By the action of W 
the case becomes as at D, giving four spectra. Each of these 
is in turn divided by the biprism Z, giving the case shown at 

' F, F. Maitens, F^4.i/<w£tc4.^^'/. Aj., 1,280(1899): V. F. hhrt«ns 
uid F. UiilnbaaiD, Ann. d. Pkyt., (4! 1S> ^ 090.1)' 
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£, four spectra, Ar, \A, ir, bh, from the one half of the prism, 
four at Ar., etc, from the other half. Only the light of the 
central images br and A^» is transmitted through the ocular 
slit. On the axis there He, therefore, two exactly contiguous 
spectra, polarized at right angles to each other, the one from 
the first slit and the lower' prism half, the other from the 
second slit and the upper prism half. Looking through the 
ocular, the biprism is iUuminated by the homogeneous light 
transmited by s^. 

The lUuminatinf Arran^ment.— A special feature in the 
new Kiinig instrument is the device for illuminating the two 
slits of the collimator with parallel rays from the same portion 
of the light source. A small miUc-glass window, by a system 
of three lenses, throws two real images on the slits a and B ; 
the two parallel bundles are brought accurately through the 
slits on to the corresponding halves of the biprism. This 
permits of the use of long tubes (up to 30 cms.) for dilute 
solutions of absorbing substances. In the case of solutions of 
colouring matters (salts, dyes, etc.), it is necessary to determine 
the absorption by the plain solvent as well as by the solution. 

Dateminfttion of Xztinotios-ooeffloient— This is, in [nin- 
ciple, the same as in Clan's instrument, the operator malting 
alternate substitution of tubes containing respectively the plain 
solvent and the solution. The absorption of the former is 
therefore automatically compensated ; one obtains the extinc- 
tion of the solute from the two following measurements : — 

I. Solution in ray-bundle I, solvent in II, angle of Nicol a,. 

II. Solution in ray-bundle II, solvent in I, angle of Nicola^ 
Su[^>ose the solvent reduce the light from I' to I", then — 

(in I.) A = tan' a, (in II.) p,-, = tan" a, 



If ( is the extinction-coefficient of the solution, <^ that of 
' Uppei and loim in (he diagram corrcGpond to right Mid left in the 
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the solvent, and d the thickness of the absorbing substance 
in cms., then — 



By using the two tubes alternately, the loss due to reflec- 
tion {vuU p. 140) is also compensated. If two tubes with dif- 
ferent thicknesses of the ssme fluid are measured as above, the 
absolute value of the extinction-coefhcient for the solution or 
soVnatper se may be similarly obtained. 

The chief objection to the Konig-Martens photometer is its 
small Ught intensity, owing to the splitting up of the original 
beam into so many components. It will be seen that the lield 
employed has at the most, apart from internal reflections and 
absorptions, only one-eighth of the intensity of the original 
beam. In this respect Hiifner's form is the best of the polar- 
izing instnunents. 

Ilie greatest sensitiveness in photometry is reached when 
the dividing line vanishes at equal brightness for the two fields. 
This condition is most perfectly realized by the cube devised 
by Lnmmer and Brodbun (p. 3a), who have adapted it for 
apectrophotometric measurements.* In their instrument also 
the Maxwell observation method is employed. Two colli- 
matiM^ at right angles to each other make two spectra, which 
are brought into contiguity by the cube. The measurements 
are made by means of the Vierordt slit method, supplemented 
by the use of a revolving sector. 

Braoe'B SpectropliotometeT.'— This is a simplification of 
Lummer and Brodhun's instrument, in which the dispersion 
prism is at the same time very ingeniously made to act as the 
contrast head. 

The prism P consists of two separate halves. The bisect- 
ing surface of the half turned toward the observation tube R is 
silvered, with the exception of a strip removed in the centre in 
a direction perpendicular to the slit. The two halves are 

■ ZeUukr.f. ThiI. A'tmde, 19, 13a (1891). 

■ D. B. Brace, PhU. Mi^., (5I «. 4»o (i899)(^ .OO'^C 
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cemented together, so that the reflected and transmitted 
bundles fonn two exactly contiguous spectra, the division line 
vanishing at equal brightness. Brace points out that when 
this line is visible the sensitiveness is 
/ reduced to at least one-half ; the 
' V j/" ^ boundary is most noticeable in the Glan 

and Vierordt instruments, is practically 
negligible in the HQfner and Martens 
instniments, but is completely absent 
in the Lummer and Brodhun head. 
However, in the photometry of absorp- 
tions two other factors have to be con- 
sidered. These are the constancy and 
Pjq ' homogeneity of the original light-source. 

With respect to the first, in the Vierordt, 
Glan, Hiifher, and Konig instruments the same light-source 
illuminates two contiguous slits, the Martens illuminating 
apparatus making a still further refinement. In Lummer and 
Brodhun's, and in Brace's type of spectrophotometer the same 
light-source may be brought by reflecting systems to illuminate 
both slits.' Crova' used for his photometer two gas flames, 
fed on a T-branch from the same supply. 

Brace uses the Vierordt method of altering one slit-width, 
but caUbrates the slit optically first, so as to obtain from the 
slit readings the true optical values for different slit-widths and 
different colours. This calibration may be conveniently per- 
formed with a revolving sector. But whenever white light is 
used (this applies, of course, to all the instruments discussed), 
there remains an enor due to the lack of homogeneity of the 
light-source. Even with a very fine collimator slit, and an 
ocular slit as narrow as possible, the finite width of the former 
produces a mixed colour, while the ocular slit allows a (Ufintte 
region of the spectrum to pass. Suppose the collimator slit 
be o'lo mm., and the ocular slit 0*35 mm, in width, the spectral 

' B. Mtore, " Siiectropliolcimelrj "f Coppci and C'obtlt Solulions," 
I^ya. A'ai.,U, 311 (C906). 

' Ann. de Chim. tl fhyi., [5I 19, 556(1883), 
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reg^os on tbe limits of the ocular will differ by some 4 p/i,' 
whilst if the collimator slit has to be widened the spectral 
band becomes impurei. When the curve of an absorption is 
not very steep, the error is not great, but if the absorption is 
varying rapidly with wave-length, then on the one hand the 
field, even for a narrow ocular slit, is not evenly illuminated, 
and at the same time, ihe value of the extinction coefficient 
depends on tbe slit-width ; the following table from Martens 
and Grunbaum illustrates this. 

W.v*4«.gUi; ^^"l^ i •/"■ , !, for homo. 



t \y^\ 'immatnial — O'SJS 

Aqu««s ..Inlior. of (S**? ^33, I 'i}^^ , " 

K.C1O ' 1 ~ °^S 0-305 — 

"^^"^ I — immaterial. — 0318 

I 593-94 o-io ' 0-0589 ' 006*4 

Fncbuoe in alcohol . . 4589-0 , o'lo 0-0914 0-0983 

1577-579 O-IO o-aj* o-a84 



To avoid this, Martens and Griinbaum, and Muller,- use 
homogeneous light of spectral lines. For the method of 
obtaining these, their papers must be consulted.* A mixture 
of helium and hydrogen, with a little mercury vapour, in a 
Fliiclcer tube, as recommended by Collie, is specially useful. 
With respect to this method, it must be noticed (a) that tbe 
intenwty is low, which is to some extent compensated for by 
tbe posnbility of using a very wide slit Also a wavering 
or inconstant source for any line lowers the sensitiveness; 
and (^) small variations in the form of absorption-curves may 
be overlooked. Whilst valuable for absolute measurements, 
the use of a continuous spectrum, with a fixed slit-width, is to 
be recommended for the comparison of, say, the relative 

' Martens and GriiDbwim, l<x. cil., p. 993 ; P. Vaillanl. Ami. </•■ Chim. 
rf/«r/.,[7]M, 2l3^l903)- 
* E. Miilki, Ann. Phyi., [4] >1, 515 (I906). 
' See abo E, C, C. Baly, Sftclroieefy, p. 364. 
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intenEities in a banded spectrum, (tr) This method is not 
sufficiently elastic for the application of spectrophotometry for 
quantitative analysis.' 

Braoe Spectrophotometer. — An improved form of this has 
been worked out by R. J. Wallace, in a form also suitable 
for the measurement of phot<^raphic densities,' in which a 
polarizing prism is used to alter the light strength of the com- 
parison field. 

Meuniemeutof Absorptions. — Vessels for the spectroscopic - 
examination of solutions vary of course with the nature of the 
investigation;' for spectropht^metry the solution is usually 
pUced in a pamllel-walled glass vessel, of ii mm. diameter, in 
the lower portion of whldi is a glass cube, of exactly lo mm. 
thickness ; hence the extinction is measured for a layer i cm. 
thick, and the reflections from the solution are automatically 
compensated.* The use of tubes, with illumination by strictly 
parallel light, enables greater lengths and thereby greater 
dilutions to be measured. Miiller' has devised a special form 
of tube in which the soludon is kept at a constant adjustable 
temperature by an electric current passing through a wire- 
spool wound about the tube. A plane-parallel quarts cell, and 
also a wedge-shaped cell for the examination of absorption- 
spectra are described by H. C. Jones and his co-workers.' A 
form suitable to the older type of Kooig instrument (where the 
collimator slits are one above the other) has been described 
by V. HenxL' 

' Cf. Ktiiss, G. and H., iCvkrimttrieoHdQiumlitalieeSfAfral Analytt, 
pp. Ii6, 149 {1891), on the similar question is to the validity of Beet's 
law. 

' Astre^ys. JoHrnat, U, 116 (1907). 

* Cf. Baly, Spictrescopy, p. 414. 
' Cf. Krliss, Uc. cil., p. 100. 

' Ann. di Pkyi., [^] 81. SI8 (1906). 

• H. C. Jone* and H. S. Uhler, y. Am. Ckem. Sec., VI, 134 (1906). 
' Compt. Rend. Sec. Binl., T. «1, 74J (1906). 
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CHAPTER III 

THE ENERGETICS OF RADIATION 
j ai. The Emission and Absorption of Light. 
Wi have seen at the commencement that Ught is one form of 
tadisDt enei^, also that it may arise from a varietjr of trans- 
formations of energy, and again be retransformed into any one 
of these. The first process is the emission of light, the second 
its ^sorption. For one fonn, viz. the mutual transformations of 
light and heat, very definite laws have been obtained- Every 
substance above absolute zero ( — 373° C.) radiates energy at the 
cost of its own heat energy. Such radiation has been termed 
"pure temperature" radiation (R. von Hehnholz), since it 
depends only on the temperature of the body. When it is due 
to electrical or chemical processes, in part or entirety, then 
the phenomenon is termed luminesttnce (£. Wiedemann). An 
example is the case of phosphorescence. The former process 
can be successfully treated thermodynamically j^ some of the 
results are briefly dealt with here. The advance made in the 
quantitative examination of radiation phenomena has been 
uncommonly well balanced, inasmuch as the experimental 
and measuring side has developed pari passu with theo- 
retical analysis. 

S 3 2. EUISSIVITV AND ABSORPTION PoWER. 

When we pass from the photometric determination of light 
intensities to the measurement of the energy radiated by its 
heating power, the question of time is involved. The specific 
' See F. G. Donnmn, T^trmvifynamks, (liis series. 
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emissivity or emission power of a substance, at a temperature T 
and foi wave-length X, is the energy radiated by unit surface in 
unit time. We shall term this e^, the total emissivity of the 
whole surface being E;t. For a radiation between \ and X,, 

the emissivity £ = I EuA, and the total emissivity over 

•■■ ]k 

the whole spectrum — 

E = i Ea<j'A 

Bodiation Squilibrium. — In an enclosed system into which 
no heat can penetrate (adiathermic), let there exist bodies 
at different temperatures ; then the temperature will ultimately 
reach a constant value, not merely by the warmer bodies 
radiating heat to the cooler, but by a mutual exchange, each 
body simultaneously radiating and absorbing heat according 
to its temperature and speci6c constitution, but independently 
of the radiation incident. The constant temperature of the 
system is due, not to a static condition, but to a dynamic 
equilibrium of radiation; this view is due to Pr^vosL' 
A.ccording to this view, a body is not solely radiating heat 
when its temperature is foiling, or solely absorbing when its 
temperature is rising, but both processes are occurring simul- 
taneously, the radiation depending only on the body itself, the 
absorption on the nature of the body and the condition of 
surrounding bodies. It will be seen that this temperature 
equilibrium is essentially dynamic, so that the conception is 
similar to that of chemical equilibrium.' jdJwAi 

The Absorption Power.— By this is undentaiuLtbe relation 
of the intensity of the radiation absorbed by a body to that 
incident upon it Suppose I„ be the intensity of the incident 
radiation, I that which is transmitted, then disregarding reflec- 
tion, K — I is absorbed, and the absorption power is ^ — = A. 

I YiKSO».,SHr Ciimlibrt du Fnt^QtsntsvC), ljiiX,yimrH. Je FAyi., 1811 ; 
cf. T, Preston, Titory a/ Heat, p. 440, 

' Cf. Mellor, Clitmieal Sialics ami DynamUs. 
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The Belation of Imiaaion Power and Absorption Power. 
Kirehholt'i Lew.— It was indicated by Balfour Stewart, and 
fully and independently enunciated by Kirchhoff,' that a very 
impoitant relation exists between tbe emission and the absorp- 
tion powers of bodies. The statement of this, whidi is known as 
Kirchhoff's law, is as follows : — 

The value A can vary between i and o. When a ray of 
light falls on a body, one part, A, is absorbed, another, R, is 
reflected, and another, D, transmitted. Hence, if we suppose 
the original mtensity to be i, 

I,= A+.R + D = i 

For gases, tbe reflection is practically nil, so that A = i - D, 
whilst for metals, except in very thin films, no light is trans- 
mitted, and 



In some cases, R must be split up into two portions, the 
reflection from the surface, R„ and internal reflection, IL. 
Such is the case with heterogeneous systems like tbe silver 
bromide emulsion in pbotc^rapby. Here Rj plays a very 
important rdle. 

" The ratio between the emissivity or emission power for 
the same temperature and wave-Iengtb is the same for all 
bodies." 

We have then, for any number of bodies independently of 
their nature — 

E, E. ^ _ 

a,"a, = a,"* 

What is tbe physical meaning of the constant S ? If we put 
Ax K I, then Sa = E*, i.e. it U the emusivity of a body whuJi 
absorbs all the radioHott incident upon it, rtfleding none. Such 
a body was termed by KircbhoS' an absolute blaeh body ; it 
has been further proposed' to term the radiation from such, 
" black radiation." 

' G, Kiicfaboff, Btrl. B^., I8S9, p. 783 ; Oftwald's Kliatiktr, 
No. ioc\ 1898. 

■ M. Thitnen, Vtrh. dmbek. pkyi. Ca., S, 37 (I900). 
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Kirchhoffs law rtiay be theoretically deduced by the 

application of the second law of thermodynatoica to the 

temperature equilibrium in an adiatbermic enclosure.' An 
experimental proof, direct, has been made by Pfltiger.* 

Of qualitative illustrations many could be dted, but one 
given by Balfour Stewart will suffice. A dark enamel burnt 

in on porcelain shines more brightly on heating than the 
background. 

§ 23, The Absolutely Black Body. 
An exact test of Kirchhoffs law only became possible when 
the theoretical black body (A = i) could be experimentally 
realized. No single substance fulfills the conditions, at any 
rate over a wide enough range of temperature. But there is 
implied in Kirchholf's deduction of his law a method of 
constructing such a body.' For within an enclosed space, the 
walls impermeable to heat and of equal temperature, the radia- 
tion will be that of a black body, U. the radiation proceeding 
from any part of its surface to the centre, is the same as though 
the surface were completely " black," whatsoever its substance 
consist of. If a small opening be made, the radiation can pass 
out and is practically identical with that of the black body. 
For consider any body surrounded by the enclosure, which 
has been brought to constant temperature, then the mutual 
radiations of the body and the walls Cannot alter the tempera- 
ture. The body loses according to its emissivity E, but at the 
same time gains a traction A of the heat e emitted by the 
walls. For equilibrium of temperature it follows that £ = fA. 

' Of numerous demon stial ions, one of the cleaiest is thsl ai E. Piing- 
sheim, Zdf. wut. Pket., I., 360(1904). 

' Drvde's Annalen, 1, 710 (igoa). Thi« verilici,lion took special 
account of ihe polarization of the radiation. There have been nameroas 

* E. Ptingsheiin, in his deduction of KirchholTs law, inverts the 
letter's proceduie, in that he deduces this lair from the existence of 
"black" rsdintion in an enclosure of e([uattcnipeiBtuic. For the existence 
of a "black " haiy is the statement of the law of heat-radiation in plain 
physical terms. See ZrH. -nisi. PMet., 1, 360 { 1904). 
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If we suppose the walls to radiate the amount e, then they 

obtain back by refiection e — eA, plus the radiation E of the 

body. Hence again— 

* - (tA + E = <r 

whence t =e 

A 

Non.— Il will be seen that the statement is essentially the Mtnie as 
for the wlnlioD and emission of a perfect gas in an iodiffeienl solvent. 

It has been tfaown by Bohr. (Dnide'i Ann., 1, 144 (1900) ) that the Irans- 
ference of a gas from Ihe gu-iptKc to a liquid for a constant temperatnie 
and sDr&ce of the latter, and bomogeneons convection by siitrine, follows 
the law— 

^=K.C^-K.C. 



=k(c,-^; 



K ami Ki are the invasion and emission conslftnts, wffilst a = ^ ia Bunseii's 
absorption coefficient. 

[n Ibe case of radiation ne have An—. If radiations of diflietent 
vBve-length behaved independently, we should have a case precisely 
nnalogons to Henry's law of partial ptessare, but radiation behaves as 
a mhtrtnt mixture, Ihe correlation of its components (01 equation of 
stale) beii^ the particular value of S\. 

Following out this principle, experimental " black bodies " 
have been constructed by Lummer and Prin^heim,' who used 
a double-walled metal vessel kept, for example, in a constant 
temperature bath of molten saltpetre, or at the highest tem- 
peratures in a gas oven, and also by Paschen,' who used 
an electrically heated carbon filament in the middle of an 
internally reflecting sphere. 

The importance of these experiments may be gauged by 
the fact that it became possible to test not only KirchhofTs 
Uw, but all theoretical deductions as to the properties of 
" black radiation," whilst there is obtained at the same lime 
an experimenUl normal furnishing " black radiation," if 

1 W. Coblenti, tnvatifatian of Infra-Rtd Sftiira, Carnegie Institute 
of Washington, 1905. 

' W^ti.Ann.,m,^^^(\y^). 
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necessary above 3ooo°,' so thai radiations can be compared 
both with standard " black " radiation and with each other* 



8 24. The Radiation Fukction. 
Kirchhoff himseir stated that full value of hts law would 
ontf be obtained when the form of the function could be 
experimentally found which was determining the radiation of 
the black body for every wave-length and every temperature. 
For pure temperature radiation, this law puts the emission of 
all bodies in simple relation to that of the black body. 



gives us, when A*= i, Sx = Ex- The (iinctioQ S* expresses 
the most general form possible of the relation of radiation to 
temperature and wave-length ; it is the general radiation func- 
tion, independent of the specific absorptive properties of 
individual substances. It gives at the same time the highest 
value which the radiation of a body can attain for a given 
temperature. But it must be borne in mind that we are only 
concerned with pure temperature radiation. How far thermo- 
dynamic considerations can be applied to the emission of 
light when this is due, in part or entirely, to chemical changes, 
will be discussed later.' 

§25. The Stefan-Bolzmann Law. 

The law relating the total radiation S of the black body 
to its temperature was empirically deduced by Stefan* from 

' By the use of iridiam ss the malerial, W. NcinsI, Phys, Zntsikr., 
*. 733 ('903). 

' The methods and instruments (bolometers, radiometers, rudiomicro- 
melcts, etc.), foe Itie mcasuiement o( radiation qua heat will be found 
iliscttssed in Sftctretcepy, E. C C. Balj' ; K. Schaum, Pietaciemie and 
Phmcg., Pt. I., p. 16. See aim reports of the Pbydcal Technical Reichs- 
nnstall in recent years, Zeitiekr. f. Inst. Kundt and Zeit. wist. Piet., 
1900-1910. 

' See Chapter Vn. 

' Sili. Ber. U'imtr Akad., 79, Abi. 11, 391 (1879). 
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Dnloog and Petit's* experiments on the rate of coolii^ of 
bodies. Stefan himself considered his expression a general 
law for all bodies, but Bolzmann,' obtaining the same expres- 
sitm by a thermodynamical application of the conception of 
the pressure oC light, showed that it was only valid for black 
ndiation. This is the law stated in words : 

" The total radiation is proportional to the fourth power of 
the absolute temperature," or in symbols, S = CT*, where S 
is the total radiation, T the absolute temperature, and C a 
constant 

Maxwell had shown that it followed from the electro- 
magnetic theory of radiation that light should exert a pressure 
in the direction of transmission, numerically equal to the den- 
uty of the energy. The same result was reached by Banolt* 
by thermodynamic reasoning as to the work-capacity of radia- 
tion. Many attempts to measure the force exerted on a suit- 
able light body suspended in a vacuum were defeated by the 
convection }^enomena of the residual gas (Crooke's radio- 
mrter phenomenon). It remained for Lebedew * and Nichols 
and Hull,* independently in 1901, to demonstrate its ob- 
jective existence, Lebedew obuining results agreeing within 
so per cenL of theory, whilst Nichols and Hull by great 
refinement in method obtained agreement to within i per 
cent 

Tbe Stefan-Bolzmann law was experimentally verified for 
the black body by O. Lummer and E, Pringsheim.' We can 
write it in the form — 

S = C(T^ - T„') 

where T is the absolute temperature of tbe radiating body, 
Tm of tbe measuring body, S is the observed difference in 

> Aim. dt Chim. rt de Phyi., T, ton), vii., 315, 33; {1S17). 
< Wi*d. Ann., BB, 391 (1SS4). 

■ Wiid. Ann., 47, 479 (1892). Sec aim Prince Galitiine, Ann. J. 
/»r*.,«.433{'90')- 

• rtyt. Rev., Nov., 1901. 

• Asiraphyi. Jenm., 17, 3IS (I9»3t- 

• WUd. Ann., 6S, 395 (1897)- D.,-:tJL,GoOglc 
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radiation of the two. The results obtained, using a suifcce- 
bolometet, are given in the table. 



Observed .bfc 


^^^L'-' 




Ulc. ab«. temp. 


Toh^-Tc*. 


37" ■• 


«S6 


374-6 


-I -50 


49a-S 


638 


ia4'o 


493-0 


-fo-5 


7330 


\^. 


1*4-8 


734-3 


~ri 


745'«» 


I26-6 


749'i 


-4-1 


8100 


^^ 


1 21 -6 


806s 


+3-S 




133-3 


867-1 


+0-9 




44.700 


H43 


1379-0 






Sc^fioo 


133-1 


1468-0 


+2 




130-9 


1488-0 


-f9 


'53S-0 


67,800 


.22-3 


IS3I-0 


+4 






133-8 



Column I. gives the thennometricaDy measured absolute 
temperature of the black body ; Column II. the excursions of 
the galvanometer, which are directly proportional to the radia- 
tion ; Column V. the temperature calculated for each observa- 
tion, using the mean value of C. The values in Column V. show 
that the deviations are small and without bias. The constant 
C is a natural constant of great importance; its numerical 
value, according to Kurlbaum, is 5-33 X lo^'ergs. per square 
centimetre per second. By its means the calorimetrically 
measured radiation of bodies can be used to calculate thar 
temperatures,' 

So much for the total radiation. We now have to consider the 
spectral distribution of the energy in its relation to temperature. 
The facts obtained experimentally (and theoretically) for black 
radiation are most easily expressed graphically. The accom- 
panying curves show the results obtained by Lummer and 
Fringsheim for the distribution of ' energy in the normaP 

' Cf. O. LAimmer and E. Pringiheim, Virh. daitstb. phyi. Co., 1, 
130(1899); 8,36(1901). 

■ A normal specinim is one in which the distance between two speclnl 
colours is proportional to the difference of their wave-lengths. See E. C. C. 
Baly, Sp€ctr»Ki^, p, 35. 



* THE F..\ERGETICS OF RADIATIOS 59 

spectrum of the black body. Each curve relates to one tempe- 




rature, that is, they are iiothenns, the ordinates being propor- 
tional to the emissions, the abscissae giving wave-lengtt^ in m> 
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A casual inspection reveals certain interesting properties. 
The curves never intersect, but each lies above one for a lower 
temperature, %.e. the energy of every wave-length increases 
with increased temperature. Each curve has a maKimum, the 
energy diminishing on either side. The wave-length at which 
this maximum lies is tcnned Xnui the corresponding maximal 
emissivity Sbk,. Further, it will be noticed that the position of 
Xmu lies for different curves in different parts of the spectrum, 
and, in fact, with rising temperature, the maximum is con- 
tinually shifting toward the shorter wave-lengths, so that with 
increasing temperature the energy of the shorter wave-lengths 
increases more rapidly than that of the longer; thus an 
incandescent body first glows red, then passes to white beaL 

S 36. The DisPLACEMtNT Law. 

W. Wien, in 1853,' by an application of Doppler's principle,' 
obtained the law for this displacement, previously deduced 
empirically in 1888 by Weber. Wien found the relation 
between colour and temperature involved in the shortening of 
wave-length to be — 

X _r 

V ~ r 

that is, when the temperature increases, the wave-length of 
every monochromatic action radiation diminishes in such a 
manner that the product of temperature and wave-length is 
constant. 

Weber's maximum relation A_„ T = constant appears as a 
special case. If this relation be combined with the Stefan 
law, we obtain for the displacements die two relations — 

K^ T = A = 3940 
and S« = BT' 

'"Hie maximal energy is proportional to the fifth power of 

' iVUd. Ann., H, 6G3 (1896). 

' Change in Tibration ftcqueDcy obtervetl when either Ihe source or Ibe 
observer is moving in the line uf transmission. See E. C. C. B>Ty, 
Spatniseefy, p. 535. 
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the absolute temperatare." The expression combining the 
Stefan law and Wien's displacement law, vhich may be written 
S_T~' = constant, B, has been verified by many observers. 
The following table shows Lummer and Pringsheim's results.' 



AbklapJlWi' S» A=Am,T BsSnit^' 


--VS 


T,*^-T^ 


631-3' 453 


2-0361 3814 2I9OX10^'" 


bt\f 


-o-i" 


'^•s 1^ 


4-a8 ' 2950 2166 „ 






1366 29*) i»3o8 ., 






998-S 3-96 


2150 2956 2166 „ 
540 : 39$6 2164 .. 
Ui 2959 a 176 „ 
1450 2979 3I&4 „ 
170'6 2918 ' 3246 „ 


996-5 


+J-0 


io9*-S !a-7' 


1092-3 


+ 3-1 


<a»-o 335 


14600 




16460 178 


'6S3-5 


-7-So 



Mean = 3940 



3188x10-' 



The constant A, like the constant of the Stefan -Bolzmann 
relation, is a natural constant, for radiation, independent of the 
particular conditions. The simplicity of the three relations 
obtained was foreseen by Kircbhoff, as a natutal consequence 
that they express energy relations synthesized independently 
of the properties of particular bodies. 



S 37. The Spectkal Distributiom of Energy. 
In the same memoir in which he deduced the displacement 
law. Wiea formulated a general theory for the Tadiation of the 
black body. He made the special hypotheses — 

(<j) That every molecule in a gas sending out radiant 
energy emits vibrations of one wave-length only, 
which depends solely on the velocity v of the 
molecule. 
(b) The intensity of the radiation contained between the 
wave-leng^s X and X + lA. is proportional to the 
number of molectdes emitting radiation of that 
period. 

' (^irA. dtw/ji-'t. /^ff. C7<-j., 1, 13, 315 (1899). 

Clooglc 
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The form of the emission function which Wien obtained 



where C and c are constants, e the base of natural Ic^arithms. 
Wien's deduction, based on hypotheses interjected into the 
kinetic theory of gases,' was criticized bj W. Michelson,* and 
though at first supported by experiments of Paschen * and by 
an independent derivation based on the electromagnetic theory 
of light by Planck,' was shown by Lummer and Pringsheim,' in 
a very careful experimental investigation, to fail increasingly as 
the value XT is increased. Working at first with a fluorspar 
prism their experiments extended to wave-length 7/1, and then 
with a sylvin prism to 18^ The deviations are best exhibited 
graphically as follows. If Wien's equation holds, on ptotdng 
the logarithm of the emission for a given wave-length X as 

ordinates, and the reciprocal value of the temperature = a 

abscissae, the curves obtained should be straight lines. Wien's 
equation may be written — 

S*- 

when log S* = log"^ - 5 log ^ - Xl' 

which for a constant wave-length \ becomes — 

log Sa = K - ^' 

' See S. YoanE, StoUhiomttry, p]>. 185, 238 (Loi^naiu, 190S) ; also 
P. Dnide, Lehri. d. Optik. (S. Hiriel, Leipdg, 1900), p. <«a. In con- 
lideiii^a masiofguuft "block body," it rnnsl be remembered that ii 
ia only necesiary lo conceive a laj'ei sufficiently thicli to absorb all light 

* Cf. A. L. Day and C. E. van Ostrand, Attrt^hyi. ymrti., 19, 16 
('904). 

' Berl. Ber., 405, 959 ('899)- 

' TheorUd. (f^''iTWjfraJ/j(«/(L(:ipiig, 1906: J. A. Barlli). 

* Dmd/s Ann., 6, 19a, 1901. 

Coogic 
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the equation to a straight line. Such curves are termed 
" isocdiromates " (Paschen), and it will be seen that the devia- 
tion from theory are most evident, amounting in the extreme 
to 60 per cent of the observed values. 

TTie deviations were confirmed by Rubens and Kurlbaum ' 
for long wave-lengths up to 50/1 obtained by the method of 




Fia. 15. — Iiochiomates. 



residual rays.' Planck ' now obtained a new spectrum-equa- 
tion of the form — • 



XV" 



1) 



C and ( are two constants, of which C depends on the experi- 
mental condition ; c has, however, always the value 14,600. It 
stands in simple relation to the constant A of the displace- 
ment equation X„„T = A, for — 

c = 4-965 A 
and as A has the value 3940, we have — 

C =r 14,600 

It will be seen that this only differs from Wien's by the 
term — i in the denominator. For fairly small values of XT, 

' Dmd^s Ann., 4, 649 (1901). 

' See E. C. C. Bdy, Sptttroitapy, p. 243. 

' Dntdis AHn.,1,i\(> (190°); 4, S53 (1901) : 6,818(1901). 

Clooglc 
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the difference in numerical values given by the two formulse 

are not impoitant. For XT = 3000, the value of ^= 130, 
and the subtraction of i would not alter Sji by i per cent. 

Planck's formula has been found satisfactory for nearly all 
the experimental results obtained, and may be considered as 
adequate. 

§ 38. Summary of Radiation Formula 

The laws found for pure temperature radiation are thus — 
(a) The Stcian-Bolztnann law— 
S = CT' 
which gives the total ene^y emitted as a function of the 
temperature. 

\b) Wien's displacement law— 

A_uT = constant, 
(c) The combination of (a) and {b) for Ae maximum 
energy— 

SmT^ = constant. 
id) Planck's law for the distribution of energy in the 
spectnun. This is — 

S. = ---^ 

but for values of AT > 3000, Wien's form is sufficient All 
equations must fulfil the conditions that at every temperature 
S = o when X = o and X = 00 , i,e. at every temperature, «// 
wave-lengths are emitted. 

These laws are tnie for " black " radiation. For non-black 
bodies, to which of course all ordinary light-sources belong, 
the position may be summarized as follows. If the bodies can 
be considered as "grey," that is, equally reflecting, then 
the energy equations hold, but with different values to the 



(a) The total emission increases with a power a. of the 
absolute temperature, in general greater than 4, and dependent 
on the bodies' special nature. 
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{b) Increasing temperature shifts the maximum towards 
the shorter wsve-length, so that — 

(c) A^T = constant 

S^T" * ' = constant 

{d) The energy-curve has the same form as for the black 
body, as far as Paschsn's observations on platinum, iron oxide, 
copper oxide, lamp-black, and carbon show. Bodies with 
selective absorption naturally show particular deviations. 

In this connection, it may be remarked that where a pro- 
perly constructed " black body " is not at hand, or at least when 
such a degree of accuracy is not necessary, thin platinum foil 
coated with iron oxide, heated electrically, can be advantageously 
used as a radiator.' If one half be coated with the iron oxide, 
the other with any substance the emission of which it is desired 
to test, then the radiation of the latter can be compared, either 
spectro photometrically or spectrographically, with that of the 
black radiator. The image of the glowing strip is projected 
on the slit of the spectroscope. The strip is so arranged that 
there is a rapid temperature foil from the centre; thus two 
spectral mounts are obtained, representing the respective 
spectral distributions of the intensities of the radiations.' 

\ 39. Methods op Deteruinikg Tkuferature.' 

The tbermo-optical methods of pyrometry can only be 
briefiy indicated here; for full infonaation the student is 
refen«d to the authorities cited in the footnote. Methods 
may depend upon the use of the bolometer or other radio- 
meter, or the i^otometer, or of both combined. 

Their importance for photo-chemistry lies chiefly in the 

> W. vua Bdokl, Ann. Pkys., SI, I75 (1884). 

' K. Schaum, SiU. htr. Marburg, T, 156 [1907). 

■ C. W. Waidnei uid G. K. Buigna, Fhyi. Rtv., 19, 433 (1904) ; also 
Bull. Bur. rfStmdards, Wuhington, S, 189 (1905) ; H. Le Cbalelier and 
O. Bo«dauud, Mttttrt do ttmpiraturti iUvkit Paris, 1900 (Cani el Naud), 
ud MlcDded Eneli*h trans, by G. K. Brngesi, New Yiwk (Wiley 
ft Soni) ; Lundon (Chapman & Hall), 1904. 

T.P.C. 'l 
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determination of the energy curve of the light-source and the 
absolute measurement of radiant energy. 

The purely thermal methods depend upon the calibntion 
of a suitable radiometer with a black body of knovn tem- 
perature. The temperature of the source under examination 
may then be found. 

(a) From ihe total radiation by means of the formula — 

S = CCr - T,') (see p. 57). 
IJ>) From the maximum energy by Wien's relation — 
S, = BT 

where ^ is the galvanometer throw, and Tg, as before, the 
temperature of the bolometer. 

if) From the wave-length of maximum energy, when 
,|. _ ?940 
\. ' 
determinations. 

{d) From the ratio of the energies ,of two given spectral 
regions. These are best taken within the r^ion where Wien's 
equation is valid, since the calculations are thereby much 
simplified ; under these conditions, if Sj^, and Sa, are die bolo- 
metrically determined energies for two wave-lengths (practically, 
narrow spectral regions) X, and Aa, then— 

But this method is usually carried out optically, in that instead 
of determining the ratio of the energies by a radiometer, we 
compare the ratio of the inlensities for two narrow spectral 
regions by means of the spectrophotometer. Then we have — 

U, S*, 

D.,-:..JtX.OOglC 



, the energy curve being plotted from bolometer 
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and substituting in Wien's formula — 

1*1 

"«fe-<t--t)"'8'='<T.-T) 
Hence T = V ^ i 

Where T« is the temperature of the standard htack body used 
as comparison light-source, and K^ =-r log ^ 
or it may be used in the foim ' — 

log T = K' - K, ^ 
where K' = log {Ck~') 

the value of the constants being obtained graphically by 
plotting the monochromats. As K' and Kg do not depend on 
the tempeTature, if the li^arithm of the intensity of a small strip 
of the spectrum is plotted for various temperatures, a straight 

line is obtained for \og I against ^, the inclination of which 

depends only on K^ ' 

Owing to the sensitiveness of photometric measurements 
this method is of great practical value; for such short wave- 
lengths as those of the visible spectrum, the Wien formula 
holds to temperatures up to 5000°. 

Another photometric method consists in measuring the 
increase in brightness of broad spectral regions, or of the total 
intensity, as the temperature is increased. It has been found 

' The logarithms are Biigg's 1<^, lo base 10. 

* Puchen and II. Wannei, Btri, Set., 1899, p. 5 [ H. Wanner, Ann. 
d. Pkyi., %, 141 (1900); O. Lummei and E. Piiogabeim, Vtrh. Jrulsci. 
pkyi, Ga., B, 36 (1901) have applied this method lo the determinBlion of 
the temperatures uf electric glow-lamps for different current strei^thi. 
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for the black body that for these the following relation 
holds ' : — 



«=©•• 



(«) 



where I and Ig are the intensities at the temperatures T and T, 
and :c is a function of T decreasing rapidly as this increases. 
E. Rasch finds that — 

«T = K (b) 

when differentiating (a) above, he gets — 

r'^^T*' ('■■' 

for the dependence of the optical intensity on the temperature 
of tiie radiator. At the same time he points out the re- 
semblance of this to van 't Hoff's equation for the reaction- 
isocbore * — 

K RT 

Now I, the luminosity, is a measure of the physiological 
sensation, and a function of the photo-chemical effect on the 
retina, so the parallelism is of considerable interest. Integrated, 
we have the equation — 

log I = C - 5 

which gives the same law as by applying Wien's expression 
directly for monochromatic radiation. Schaum ' suggests that 
the applicability to broad spectral regions probably depends 
on the fact that in general in the alteration of brightness by 
temperature change, it is the spectral region of maximum 
sensitiveness for the eye which is the determining quantity. 

' O. LummecandF. Kurlbaum, Verh. dtulstk. phys. Ga.,S, 89(1900); 
O. LummerandE. Pringsheim, /'^i. Zf., 8, 97(r9oi); E. Ruch, ZVhoV'j 
Ann., M, 193 OiW)- 

' See J. Mellor, Chemical StiuUti and D/manict, p. 384. 

' Pholoc/iemie u. Photepkysik, p, 41 (1905). 
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§ 30. The Radiation of Flames. 

In ordinaiy sources of light the radiation proceeds from 
glowing carbon particles. In applying the laws of radiation 
to these it is assumed that their emission lies, as experimentally 
found for lamp-black, between that of the " black body " and 
of naked platinum.' Hence, by taking for X,^ T the values 
3940 and 3630, an upper and a lower limit can be obtained 
for the temperature. The value X„„ is obtained from the 
bolometrically determined energy curve, and T then lies 
between — 

?M2 .nd gS 

The following table shows some results obtained for 
ordinary light-sources : — 



Arc lamp . ■ 
Nernst lamp . 
Gat . . . . 
Glow-lamp 
Cudle' . . 
Acctjieife* 



§ 31. " Black " Temperatures, 
The results of this " method of limits " may be compared 
with those obtained by considering the light-source as a " black 
body " (which it is not) and determining by the spectrophoto- 
meter its " black " temperature/ that is, not its true absolute 

' O. Lnmmer tnA E. Pringthcim, Drud/i Ann., 14, 34 (1904). 

* I«ter ddenniiiattDns by Kuilbaum and G. Slewart {Phyt., Zg. (, i 
(1901)) show that carbon particlen ia tlamn gcDerally posiets a mote 
selective emisiioii than plalinnm, so (hat [he value will nol lie between 
the limilx gi*en. For acetylene Nicholi foam! the temperalurc T = 3137° 
abs, directly, and Stewart 1-05 for X,, so that A.T = 3381. 

' L. Hnlborn an<l F. Knrlbaum, Dnidis Ahh., 10, 335 (1903). 



Table M. 






w 


T,„., 


Tml. 


>7^ 


4300" abs. 


3750" ">»■ 


r*3 

1-3 


*450 „ 
*4So .. 


3300 „ 
1300 ,, 


i'4 




■875 „ 




i960 .. 




10 


3000 „ 
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temperature, but that lower value which a black body should 
possess to give the same intensity of radiation as the substance 
in question. By determining this, values are obtained which 
' lie between the bolometrically obtained values. 

If the black temperature of an incandescent body is 
determined for different wave-lengths, it may be concluded 
from the results whether the body in question possess selective 
emission or behaves as a " grey " substance {vitU p 64). This 
is most easily performed in the visible region, as follows.' The 
image of a horizontal filament in incandescence of the sub- 
stance is thrown on the slit of a spectrophotometer, and at 
the same time that of a glowing black body which is directly 
behind it. There Is seen the spectrum of the black body 
crossed by a narrow spectrum of the filament. By regulating 
the temperature of the black body the intensities of both for a 
given wave-length \ in both spectra are made the same, when 
the thermo-electrically determined temperature of the black 
body gives the black temperature of the filament for that 
particular intensity of X ; at the same time, if the spectrum of 
the filament on either side is at first darker, then brighter, then 
it possesses selective emission for the wave-length X. The 
method can be made quantitative, and from the isotherms 
the nature of the selective emission is at once evident Thus 
the Nemst lamp has a strong selective emission at \ = 520 fLfi. 
The relations between the " black " temperature and the true 
temperature of a radiator have been discussed by L. Holbom 
and F. Henning' and by R. Lucas.' It is found that the 
following expression holds : — 

where T^ = black temperature, and T the true temperature. 
This was found valid for glowing platinum.^ 

' F. KatlbaDDi and G. Schuli, Virh. deniKh. fhyt. Gti., S, 428 (1903). 

' Si/i. Btr. Akmi. Btrl., 311 (1905). 

' Phys. Zal.,%, ^l%{\ifil). 

* Quanlitative spectro-photoiaeliic comparisons of Ihe emissiviliet of 
solid and liquid seleclive (melal) TadUtors with that of a full radiator 
(block body) are now being nuule. For solid and liquid cold, aec 
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§ 32, Radiation Scale of Temperature. 

The absolute scale of temperature defined by Kelvin ' is 
based on thenno-dynamics,* and should be independent of the 
particular pioperties of any substance. The ratio of any two 
temperatures on this scale is equal to the ratio of the quantities 
of heat taken in and given out by a reversible engine working 
between these limits. A theoretically perfect gas would fulfil 
the conditions, but all gases depart more or less from the 
theoretical behaviour.' Actually, however, the practical scale 
is taken from gas thermometers. But as Lummer and Fring- 
sheim * have shown, it is possible to found on the laws of black 
radiation an independent absolute scale of temperature. If we 
define the absolute temperature from the radiation laws, for 
example, as proportional to the fourth root of the total radia- 
tion, we obtain a theoretical radiation scale, which moreover is 
practically realizable to 1300° abs., whilst the gas scale fails 
above 1410° abs. ; abOve this recourse has to be made to 
extrapolation. 

Any of the fundamental laws given above can be used to 
ground a method of temperature measurement. The constants 
C, A, and B were determined in the valid range of the gas 
thermometer, and, since the laws connecting them are to be 
considered as " laws of nature," they can be used outside this 
range. Beside the laws themselves, relations following from 
the spectral equation of Planck may be used. To make the 
readings of the new scale congruous with those of the thermo- 
dynamic and gas scales, the temperature interval between the 
freezing and boiling points of water maybe divided into 100°; 
or, in order that the definition may be independent of any 
particular substance, let it he granted that the energy contained 
in one cubic centimetre of black radiation of the absolute 

C. M. Stnbbs, Prac. R^.Sec., A. Vt, 451 (191*) i for solid and liquid 
copper ltd tilvet, C. U. Slabb* a.ad E. B. PridMuz, iiiJ., A. M (1913). 

■ PUL Mag. 184S, or T. Preiton, Thtmj sf Btat, p. 615. 

■ See F. G. Donnan, nermodjrnamkt, this mies. 

* S. Young, StatAiotutry, " Propeniei of Gisci,"tblt series P- 185. 

* yerA. DtuttcA. fkyi. Gei., », 3 (1903). 
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temperature i° be a certain magnitude, llten, accoiding to 
Kurlbaum's measurements, the degrees of this scale will 
coincide with the Centigrade d^rees, if this magnitude is fixed 
as 7-06 X 10"" ei^. 

§33. Radiant Ehbrcv in Absolute Mass. 

On the assumption that radiant energy can be completely 
converted into heat, then by measuring the heat evolved 
in a suitable arrangement, ve can determine the quantity of 
energy in absolute units. For very intense sources, e.g. the 
sun, this may be done by measuring the rise of temperature 
of water, enclosed in a lamp-blacked vessel Modifications of 
this principle have been designed by Fouillet, K. Angstrom, 
O. Chwolson and others,' and where used for dctenntntng the 
sun's radiation, the instruments are termed pyihelio meters. It 
is obvious that any sensitive radiometer can be used for absolute 
measurements, if the heat-capacity of the instrument, the loss 
by cooling, and the surface exposed are accurately known. 
K. Angstrom * has applied a thermo-electric couple in con- 
structing a very sensitive compensation pyrheliometer in the 
manner following. 

The radiation falls on one of two equal blackened strips 
of platinum foil (o'oooi to o'ooa mm. thick), the other being 
brought to an equal temperature by a current, and the equality 
of temperature determined by a thermo-electric junction. In 
a stationary condition the increment of enei^y and the loss 
by radiation are just equivalent. The radiation falling on the 
whole strip is — ■ 

sec. 
where r is the resistance of the strip, 1 the strength of current, 
o'34 is the electrotbermic equivalent. 

Applications of the bolometric principle for absolute 

I Fouillet, C. R., 7, 24 (1838), and see J. Scbein«r, SiraMluHg mnd 
Temferalw d. .S(>xnr (Leipzig, EngelmanD), 1E99, p. 18. 
' JPTrt/. Ann., 67, 683 (1899} ; Piyi. Rm., I, 365 (1893). 
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measurements have been made by F. Kurlbaum * and others, 
whilst the Boys' ' radiomicrometcr and CaHendar's radiometer 
can also be employed.' 

S 34. SouE Results and their Expression. 
The absolute mass of radiant energy may be expressed 
either by the constant C of Stefan's law, or by R,m - Rj, i.e. 
the amoimt of heat in calories ' which a blade body of t cm." 
surface at o" receives from a similar one at 100° in one second 
at I cm. distance. From this the constant C can be calculated. 
Table III. gives the results obtained in different experiments. 

Takf-b in. 

OI»rvcr. RiM — Rg Cia'' 

Duloi^ and Pelil . . . ' 0'0I5 (Ernm. cM. I'oSJ 

l.ehoeb«ch o'oi 53 „ ■ ' to 

Kandt and Warbnri; . . 0-014 „ I'oi * 

OraeU O'oiso „ I'oS 

Chrisliaium O'oi67 „ I'si 

Kurlhanm O'oijfi „ I'lS 

Of these Kurlbaum's is probably tbe most reliable for the 
black body ; R,„ - R, = ©■oi76 gr. cal = 73,roo ergs. The 
constant C allows us to calculate the absolute (total) emissivity 
of I cm.' surface of the black body at any temperature. Thus 
at 

T«bs. TCenl. E ab». 

373° too" 002478 gr. cals. • 

173' o" 0-00711 „ „ 

The constant C is called the radiation constant or coefficient 

> fViid. Am., W, 746 (1898). 

■ See note p. 56, uxl E. C. C. Balj, SftclroKopy, p. 246. 

• II. L. Callendar, Chtoi. Nni't, 91, 142 (1905), 

< The calorie is the nnit of beat, nsnally the ^ part of the heat icquired 
to roiv I Efaame of water from 0° to 100°. 

* For fnnm of re^iterin^; hdiometers, so-calleil actinometen, hot 
actually Ibermnmelric, %t« Ctav^ AimaUt de c^im. tt pkys.,\. Ser. 11, 4S0 
(iSSs) } VI. Ser. 14, 180 (tSSS). 



74 PHO TO-CHEMIS TR Y 

§ 3S' The Mechanical Equivalent of Light, 
By this is understood the energy per second which the 
light-unit radiates horizontally on to i cm.' at icm . distance, 
reckoned in absolute units, and only for the visible speeirum. 
It will be seen that it is a quite arbitrary quantity, but from 
it may be deduced a useful conception, namely, the light-effect 
of a light-source, i.e. the relation of the enei^ in the visible 
spectium to the total energy emitted. MLeasurementB of this 
ratio have been made by 0. A. Tumlirz, F. E. Rogers, 
K. Angstrom, and others.* The method used by Tumlirz 
was to measure first the entire energy radiated horizontally by 
the given light-unit, in this case the Hefner lamp, and then to 
cut off the so-called heat rays by a water-screen. E. L. Nichols 
and W. W. Coblentz* used tbe same method for acetylene, 
also interposing a screen of a solution of iodine in CSe, which 
absorbs the visible spectrum while allowing the infra-red rays 
to pass. They found that a water-screen only allows rays up 
to vift to pass; it follows that the principle of separation by 
water and iodine screens is not trustworthy. K. Angstrom ' 
also found that the water-screen did not effect a satisfactory 
separation. Instead, using two lamps of the same spectral 
character, he resolved the light of one into a spectrum, 
screened off the invisible radiation and united the remainder 
by a lens, the image being thrown on to a photometer. The 
unaltered light of the other was made photometrically equal 
to this, and then the two radiations were compared bolo- 
metrically. In this way he obtained results for the Hefner 
lamp, widely differing from those of Tumlira. The total 
radiation was measured in absolute mass with his compensa- 
tion pjn'heliometer. The results for the Hefner lamp were as 
follows : — 

S = total radiation at i meter on i cm.^ surface 
in gram-calories. 

■ See K. Sjchanm, PAalachemie u, Pkalsfhytih, p. 6i . 
« /»^/, Rrv., IT, *67 (1903). 

■ Phyt. 7.g., S, 157 (190a) ; ibid., 6, 456 (1904) ; and Phys. Xft:, 17, 



THE ENERGETICS OF RADIATION 75 

A = energy of visible radiation. 

The ratio ^ = the light-effect. 

The visible radiation, if expressed in gram, calories, gives 
the heat equivalent of light; if in ergs, the mechanical equiva- 
lent ; talcing the Hefner lamp as standard. 



Tumlir* . . . . | j^;3 JJ J; 
Ai^roin . . . 115 X ii 



I 



We can, of course, conceive of a "light-effect" for every 
speci6c photo-chemical reaction in conjunction with any 
particular source of radiation ; it will always be the ratio of 
the radiation acting on the chemical system to the total 
radiation of the source. Thus the light-effect for the green^eaf 
synthesis would be quite distinct from that for the eye, and 
again different for the photographic plate. 

The greater the " light-effect," the more efficient the light- 
source, but actually all light-sources in ordinary use possess 
but a low light-effect, their radiation lying cbieffy in the useless 
infra-red. If ^ be the total energy employed by the l^ht- 
source per second, and S the total energy radiated per second, 
S . 

Before discussing light-sources in relation to their general 
photo-chemical availability, some account must be given of 
the terminology to be used. The definitions of the quantities 
involved will depend to some extent on the point of view. 
If we consider light-sources in the physiological sense, we 
have (a) photometric magnitudes, but if we are dealing with 
enecgy-BOurces we have \b) energy magnitudes. Now, as has 
already been pointed out, in photometric quantities proper, 
the element of time b not involved, because the eye does not 
possess the proper^ of accumulating intensity, but extricates 
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the capacity factor or pcrsp>ective content. As Schaum ' has 
pointed out, its behariour could be represented by an actino- 
meter or light-sensitive reaction in which the reaction- product 
is immediately removed, the active mass of the original 
substance being continually kept at a constant value. Stimu- 
lation of the retina is not analogous to the progress of a photo- 
chemical reaction, but to the formation of constant potential 
in a light-sensitive cell.' 

But in the generality of photo-chemical reactions time is of 
course a factor necessary to be considered, and similarly it enters 
into the problem of ihe production of light as an economic 
question. Both from the general photo-chetnical view point and 
from the economic one, the most stimulating way of looking at 
radiation is as a flow of energy, analogous to the flow of water 
or electricity. Not being concerned with illumination in the 
technical sense, we shall not deal here with such questions as 
the spatial distribution of the light, the cost of production, the 
efficiency, or the life of light-sources. This is a branch of 
applied photo-physics, of great practical importance, and 
which has only received a scienti&c footing since the founda- 
tion of the theory of radiation, and its experimental measure- 
ment as sketched in the foregoing chapter, 

' Phatochemit u. Phetegra^., 11. I. p. 82 (Leipzig, A. Earth, 190S). 

* This statement of the indcpeodence of visual impresiioni of any 
liln« factoi most be taken with leservalion, in view both of the persistence 
and faligoe of vision. 
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Tablk or TiRiia drtinino thb Emission and Rbcbption of Light 

IK OHB HOUOSENBOUS MBDIDU, WKBH V TKK VBLOCtTY OF 

LiCHT IS Constant. 

Qunihia pemioins lo tkc Knirce, L». to Ike cmouoo. 



Atnolutc emwavit; 



ipectrai nose 
RadiatioD-fliu 

Radiation-deiwity 

I Light-intensity 

I Light-strength 
nUowiiwiii^ power 

I Spherical light 
f strength 
I Total Iwbt flux 
Snibce DT^tDeu 



Eaergy filling solid ^ = 
angle" I 

; Energy per tuut volume ' 4»S 
I of space J, 

Flax of light in given I^ 

direction «' = cos ^ : \^m 1 
I Variable accordir^ to j 

object in qoestion | 

Total light emitted 4»I 

Light 611iiig • •• 

Fltuoflightemitledby I^ 

I unitsniface ofmorce ' ~ r 

io x" dicectica / lui^ce i 



Spherical 
C. spt^ 





(M<lK«>|lieiltHU&Ct.>^. 


RadiMion (correlative to 

illumination) 
Amouot of radiation 


Energy incident per- 
peodicuUtily on unit 
sui&ce at unit dis- 
tance per unit time 

Similarly at distance r 

Same fur sar^e F 



Illumination (current light-tlux incident on 

density of light flux) unit sarbce at dis- 

AoKuat of l^ht or ioso- Light-Aux falling on 

lation sur&ce F at distance 



' Candle 

(Liix)C.M. 
orM.K. 
Caodle- 



As abiolDie onit of quantity of light, analogous to ihe calorie ut the 
coalomb, the Aimm m^ht be taken provisionally at / = Iw, where 1 1* 
the icciprocal of the mechanical eqaivalent of light, •■ is a unit solid angle. 



CHAPTER IV 

g 36. Economic and Eneroetic Relations of Actual 
Light-sources 

Thb classification of l^bt-sources is carried out on the basis 
of the terms given in the foregoing chapter. Considerable 
confusion prevails in regard to the terminology and standardi- 
zation of data, and in particular as regards the relation of 
thermo-dynamic to luminous efficiency,' 

The quantity jinay be termed the relative radiating power ; 
it is frequently desirable, in dealing with photochemical reac- 
tions, to be able to calculate the total energy incident on the 
system, in order to obtain some idea of what may be termed 
the economy of the reaction, i.e. the proportion of energy which 
does chemical work.' ^, the total energy in gram-calories 
per sec., may be reckoned in flame sources from the heat of 
combustion, in electrical sources from the electrical energy. 
If we assemble the symbols useful in dealing with the energies 
of light-sources, we have — 

I = mean spherical light- intensity in HK or c.p. 

S = mean spherical total radiation in gram-cals. per sec. 
on I sq. cm. at i metre. 

A = mean spherical visible radiation in gram-cals., etc 

S = 47 . lOo^S = total radiation flux. 

L = 49-. loo'A = total visible radiation flux. 

^ = total energy used in gram-cals. per sec. 
and, derived from these last-mentioned quantities, ratios or 

' P. G. Nutting, " The Luminous Equivilent of Radialion." R^riot 
No. 103, Balittin of tht Burtttu ef Standards^ U.S.A., vol. $, No. a 
{1908), p. a6i. 

* Cf. A. Byk, Ztit. pkys. Chan., Ml, 465 (1908). That is, the "light- 
effect" of the parUculac Ught-iouice foe thai particular reuction. Byk 
terms it the " Ausnuttungi-raklor." 
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quotients which can be used to characterize a light-source 
from the economic standpoint; there is a great diversity at 
present in r^ard to the nomenclature adopted for these quo- 
tients,' and consequently considerable confusion and uncertainty 
in tbeir use, but in the following the terminology proposed by 
K. Schauai' has been adopted. Thus we have the following 
derived values : — 

^ = relative radiating power. 

■ = effective value (Nutz-effect). 
v 

-= = light-effect (luminosity factor, i>. a proportionality factor). 

J- = mean s[dierical light equivalent, (>. actual luminosity in 

HK or cp. 
. = spatial light-equivalent (a space distribution coefficient). 

? = economy, t>. energy per cp. This ratio, that is, the 
energy in e^a per cp., is frequently termed in English 
worlts on photometry, the e^ieiemy, a term more appro- 
priately reserved for the ra/ia of the light-eqtdvalmf of 
the standard or normal source, say the Hefner candle, 
to the economy of the source in question. Hence, the 

tffiamcy so characterized has the value t- '• \ 

The table on p. 80 indicates the values for the most impor- 
tant light-sources, but there are enormous discrepancies in 
some of the values recorded for the derived quantities. 

The table is taken from Schaum ; ' the letters affixed to 
the nmnbers refer to the observers: W. for W. Wedding, 
N. for G. L. Nichols, H. for R, von Helmholz, V. for W. 
Volge, A. for K. Angstrom. Schaum concludes that at 
present an exact energetic comparison of the [vincipal light- 
sources is not possible. 

' Cr.K.Sdiaum,Zrtf.ww/./'-W.,a, 1389(904). ' /M^.,^.nV.,p.39o. 

■ PhiHo^him. H. Fhaieg., Pt. I., p. 149 (Leipiig : J. A. Barth, 190S). 
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§ 37. The Hefner Lamp. 
The relation of ihe optical intensity of the Hefner lamp to 
that of other standards has already beai mentioned {vide p. 34). 
As it is a reproducible standard — though not ideal — burning 
a hquid of de&nite chemical constitution, we can, by making 
a spectro-photometric comparison between it and another tight- 
soutce, determine the disttibution of energy in the visible 
spectrum of the latter, if we already know that of the Hefner. 
This has been determined in absolute mass by O. Tumlirz* 
and Kn. Angstrom," tbe latter's observations appearing more 
reliable {vide p. 75). Angstrom determined the energy-values 
for small strips of the spectrum, where — 

Ix = l*SArfA 
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with the compensated pyrheliometer, and compared his results 
with those giver by Wieii's equation — 



Integrating over each of the smaU strips d\, the values for the 
mean wave-lengths A were obtained by the formula — 

where C = ™ - By the method of least squares, the values 

e, =o-oi6andC = ^= 7 '85 were obtained from the observa- 
tions; the calculated results agreed well with those found. 
Angstrom gives the following values for enemies radiated by 
the Hefner burner horizontally at i metre : — 
Table V. 



0-68 
0-66 
0*64 



1" 
6-99 

S*S3 
4-27 



For the total radiation 

2 = 0*0000215 

For total energy as l^ht 

A = ao'6 ■lo^* 



sec-cm.' 
gm.-cals. 



sec.-cm.* 
gm.-cals. 



and the light-effect {vide p. 79) = ' = 0-0096. 
I Value* from 050*1 are by eitnipoJaiioi 
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Further, E. Hertzsprung * has calculated the values of the 
energy, using Planck's equation^ 

Talcing Stewart's ' determination of the Hefner's temperature 
as iSi5° abs., and ^ = 14,600, this gives a value of ;J = 7-8. 
(It is not necessary, however, to use Planck's formula ; the 
values differ very slightly in the visible spectrum.) The results 
he compared with others obtained as follows : S. Langley * 
has measured the energy in the solar spectrum for different 
altitudes ; E. Kottgen * has compared spectro-photometrically 
the intensity in the sun's spectrum with that in the Hefner's. 
Taking the intensity at A. = o'S9/* as i in both, the quotient — 

rjL(8iin) I'x(Hef.) 

U{sun)'r«,{Hef.) 
gives the relative spectral intensities of the sun and the Hefner. 
But since — 

Sx(sun)^I4sun) 

S^^sun) I.4sun) 

the values of „-. — ;, obtained from Langley's measurc- 

S«tsun) " ' 

ments, divided by the foregoing quotient, will give the energy 
values in the Hefner spectrum. The values so obtained agree 

very well with those from Wien's equation, putting ^= 7-8, 
and also with those obtained by Angstrom, which is only 
natural, since Angstrom took the value of .^= 7-85. From 
an investigation by Ladenburg,' it appears that the value of 
Tjbi obtained from this for the temperature of the Hefner 
flame is too high. No account is taken of the absorption in 

' Phyt. Zeit., t, 6j4 (1904)- ' P^'- P"'- 1*. ^ {^^o^). 

* IVieJ. Ann., 19, m6, 384(1883): see also C. J. Abbot, Smitktonian 
Misc. Cell., W, 74 (>9o>)- 

' (f7<rf. Ahh., M, 793 (1894). 

* R. Ladenbure, I^yt. Zat., 1. 697 (1906). C"0(1qI ' 
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051 
0-53 


s . 


OS5 


614 


0-57 


faa ; 


'■34 


OS9 


632 1 




o-6i 


617 ■ 


0-787 


0-63 


614 I 


0-6CH 


065 


603 , 


0-449 


0-67 


590 


o'3S7 


069 


568 ! 


0-306 



* Id tbe lub-colnmni (a), (b\, (r) of V. the value Sjl of the HdMr lamp 
fo( \ = o-59;i is set eqnaL to 37. 

the dame, and what is obtained is the "black" temperature. 
Ladenburg has determined both the emission curve of the 
Hefner and acetylene flames, and also the absorptions for 
different wave-lengths, by means of a quartz prism spectrometer 
and a linear thermopile. The total reflecting power compared 
with gypsum wis very slight, only 1 per cent. The measured 
emissions divided by the corresponding absorptions give the 
" blackened" emission, from which tbe true value of A^ was 
obtained, and hence tbe temperatures from the relation 
X_T = 9940, also by measurement of tbe " black " temperature 
with tbe optical pyrometer by Kurtbaum's method (vide p. 69). 
If Tt = black temperature of a flame at A, T its true tempera- 
ture, and A its absorption at this point, then — 



^ = ;f-^ + -10g.A 

Coogk 
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and from this the value 161)4'' ^^- ^^^ obtained, or, correcting 
for reflection, 1704° abs. But these " corrected" values must not 
be used to iaUiilaie the energy ■distribution given by Witri s equation. 

The actual " quality-value " ^ used must be the one corre- 
sponding to the total emission curve. Heitzsprung ' has 
reviewed the different ^ values which may be assigned to the 
Hefner flame. Thus Angstrom, assuming the mean error of 
his measurements to have the same absolute dimensions, 
calculates ^=785. If, however, the error be assumed to 

be of same relative magnitude, the value of ^ = 7-58, By com- 
bination of Langtey and Kottgen's measurements he obtained 
the value ~ = 803 for the region o'Mit, to 0-69;*. If we take 

Ladenburg's determinadon of A„ (uncorrected) as 154/^ then 
from the relation A^T we get T (uncorrected) = 1909° abs., 

which gives 7^= 7"65. The best value for the visible spec- 
trum appears to be still somewhat uncertain. 

§ 38. Gas Flames as Light-sources. 
ConBtanej. — By the use of a pure gas burning under specific 
conditions, very constant light-sources can be obtained. 
Bunsen and Roscoe,' in many of their experiments, used a 
coal^as mixture of constant composition ; tbey allowed this to 
issue from a single-hole burner of platinum, provided with a 
reservoir which served to regulate small pressure-dilTerences. 
With screened burners,' in which only a small portion of the 
flame, say i mm., is used, considerable variations may occur 
in the pressure without affecting the intensity. Thus with a 

' Pkyi. Zeit., »,.634 (1907). 

' Pegg. Ann., 101, joa (1859). 

' Sheppard and M«es, Theory of Phel. PrtKai:, p. so (Longman^ 

1906). 
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screened acetylene burner, no change was observed in the 
photoK:he[nical effect when the pressure was varied from 
4 to 6-5 cms. of water. Schaum states that gas-burners give 
a fairly constant l^ht when the flame is kept to a constant 
height (6-75 cm.) by a pressure regulator, using a one-hole 
burner of i mm. aperture. All flame sources should be 
surrounded by a tai^e enclosure to avoid atmospheric dis- 
turbances, and the light allowed to issue from a suitable 
opening. 

The use of a pure gas is preferable to that of a mixture 
such as coal gas. Bunsen and Roscoe in their later researches ' 
used carbon monoxide, burning under a minimal pressure- 
difference (estimated at o'ooi mm. water). This was fed at a 
constant rate to a burner of fairly large bore, 7 mm. wide. The 
intensity was found to be a linear function of the rate of supply 
of the gas. This they termed their normai flame. Acetyiene can 
readily be obtained in a state of suflScient purity; the main 
condition is that the gas is not overheated, either in generating 
or in the burner. Acetylene of the desired purity, with a 
pressure constant to i per cenL, may be obtained by using 
Thome & Hoddte's " Incanto " generator.* The gas which 
is generated by water obtaining access to the carbide, first 
bubbles through the water in the gasholder and then through 
a special purifier, the pressure being registered by an oil mano- 
meter. For small intensities, i to ao c.p. screened burners of 
the Naphey type may be used ; for greater intensities up to 
300 c.p., either larger Naphey burners or a. special annular 
burner, but in any case water-cooled. This is very essential, 
as a prime source of variation is the formation of polymers of 
ace^lene by heating, which then choke the burner with a 
deposit of carbon. I'be flame should never be turned down, 
but bwHt at fuU intensity for the burner in question and com- 
pletely extinguished. It was noticed (see p. 33) that the 
amyl-acetate and pentane flames were considerably influenced 
by the state and pressure of the atmosphere. These conditions 

■ .Act. Ann., 101, aoa (1859) ; Otivrald's Jftattiktr, U, p. 38. 

■ SheK«td «id Mee«, l«t. cit. t IoOqIc 
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seem to influeoce naked flamea as used in photometry more 
than when they are endosed, as in photo-chemical experiments. 
Wildermann, who controlled his acetylene light by a Rubens 
thermopile, states that it kept consUnt to i per cent, over long 
periods ; but where greater accuracy than this is required, the 
external conditions have to be considered. For acetylene as 
a secondary standard, see J. VioUe.* 

Temperature and Energy Curve. — These have been deter- 
mined by E. L. Nichols,' Ladenbui^g'and others. Ladenburg 
finds 1093° abs. for the temperature (uncorrected for reflection), 
3111° abs. (corrected), from optical measurements, which 
agrees closely with that found directly by E. L. Nichols, 
T = 2ij8° abs. But according to Ladenbui^ it varies 
somewhat in different parts of the flame. The imcorrected 
value of A,, was i'3t/i, the corrected value 1*39/^ but it does 

not appear worth while to deduce a value for f^ to give the 
energy distribution in the visible spectrum, as Hartmann's* 
spectro-photometric calibration of two different flames on a 
Hefner standard point to a variation of the quality-value with 
the burner and other conditions. For values of the " tight- 
effect," etc., see Table IV., p. 80. 



% 39. IHCANDESCENT GaS.* 

The universally used Welsbach 01 Auer light offers in 
many cases a very convenient source, especially where one of 
small dimensions is not required. The constancy^3.^tl from 
considerations of the pressure and- composition of the gas, 
which have already been dealt with — is not very great, as the 
intensity of the mantle passes through a maximum and then 

' See p. 33 ; oJto subsequent modificatioDs, B. J. Wmllace, Aslrepkft. 
Joum.. 1908 ; C. E. K. Mecs and S. E. Sbeppsid, Ph«t. Jour., 1910. 

• Pl^s. Rev., 10, 134 (1900). 

' Phytik. Zeii., T, 197 ('9o6). 

' /My/. 2rA, 5,5(1904). 

' Seu H. W. Kischer, Alireii's Sammlung c&tm. tah. Vartr., !• I4I, 
153 ("906)- 
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declines, owing to the volatilization of one component, the 
cerium oxide. This is shown in the following table ' : — 

Time in hoars ... o 100 300 300 400 500 
HKhoriiODUl ... 103 108 105 98 95 93 

Hence, for pboto-chemical purposes, the mantle should not be 
used for more than 200 hours. It roust hang in the hottest 
portion of the Bunsen flame, that is, the outermost, so the 
flame must be carefully adjusted and the mantle burnt in for 
some time. Further, the intensity depends, not only on the 
rate of supply of gas, but also on its admixture with air, as 
the following table from E. Saint Claire-Deville " shows : — 
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The optimum value for the ratio of gas to air must there- 
fore be determined by regulation of the air-supply. 

Auer von Welsbach found, consequent on a series of 
researches on the emission spectra of the rare earths, that a 
mixture of thorium oxide, ThOi, 99*1 per cent, and cerium 
oxide, CeOn o't) per cent, possessed by far the strongest 
emission for the visible rays, the intensity rapidly falling off 
for any other proportion. Various theories have been proposed 
in explanation of the superiority of this mixture in luminosity 
over the pure oxides. That " allactinic " radiation or " lumi- 
nescence " was not in question was shown by the fact that the 
temperature of the Welsbach mantle is but little different 
from that of the Bunsen flame. Another theory supposed that 
the CeO, acted as a caulyzer for the combustion of the coal- 
gas, causing a much higher temperature in its neighbourhood, 
the thoria being simply the carrier for the catalyzer. It has 

' Sthillings Kaltiuiar, 1906^ |>. 140. 
' ytum./. Gitibel, 1904, pp. ai, 46. 
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been shown, however, not only that the temperature difference 
is but slight, but also from researches of F. Haber' and F. 
Richard on the chemical equilibrium in the Bunsen Same, 
that the combustion takes place so rapidly that the loss of 
heat during the reaction is negligible. A thermal catalyzer 
couUI produce no effective rise of temperature, consequently 
the conception of any catalysis on the emission must be modi- 
fied. The action is essentially photo-catalytic, and the forma- 
tion of CeO, ■ Oj is involved. The CeO» " activates " oxygen, 
and is regenerated by reduction of a peroxide. Further, it 
appears that the emission is quite independent of the process 
of combustion itself, since the same emission is obtained when 
the Auer mixture is heated electrically. 

A physically adequate explanation has been found from 
consideration of the emlssion-curves of the pure oxides 
measured separately and when mixed." Thorium oxide 
radiates feebly for the infra-ied and the visible spectrum, 
consequently its loss by heat is slight and it takes up a very 
high temperature in the flame. On the other hand, ceria 
(CeOg) in large quantities has a strong total radiation, and 
could not reach a very high temperature — it will be remem- 
bered that the higher the temperature of the radiating body, 
the greater the visible radiation. But dispersed in the tboria 
it takes the temperature of this, and gives practically " black " 
radiation in the visible spectrum, that is, the most intense 
possible for that temperature. Ruben's measurements showed 
that the Auer radiation is almost " black " for the blue r^ion 
A 470; the emission tails off rapidly in the near infra-red, 
again increasing in the extreme infra-red. 

Whilst the particular emissive powers of ThO, and CeO| 
explain sufficiently well the increased luminosity obtained from 
the mixture, the problem remains as to wby the maximum 
effect is dependent on a very narrow range of proportions of 
the oxides ; why, in fact, some form of the " law of mixtures " 

' Qi.Jeum. J. Gaiitl, 1904, p. 1143. 

• A, le Chatelier and O. Boadouaid, C. R. IM, 1861 (1898); W. 
Nernsl »nd E. Bose, PAy,. Zal., 1, 389 (1900) ; Ch. Firy, C. /?., IM. 
977 (I9<W) i H. Kubeos, Driid^i Ann., U, 735 (1905) ; M), 593 (1906). 
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does not bold. In this conjunction the idea has been mooted * 
that the CeO, forms & solid solution in the ThO„ and the 
0*9 per cent, represents a saturated solution, any further qtundty 
being only mechanically dispersed through the mass, and by 
its proper radiation in the red and infra-red, lowering the 
effective temperature. In &ct, Rubens compares the action 
of the CeOi with that of a colour sensitizer in photography, 
which brings its own absorption strip into action in a desired 
part of the spectrum without affecting the remaining regions. 
And as we shall see later, similar quantitative relations hold 
in the case of colour sensitizers also. 

The MAM teinperalwe of the Auer mantle, according to 
Rubens, is 1800° abs., or 1537° C. Relative values of its 
spectral intensity compared with sunlight and other sources 
are given later. The " light-effect " = is given by Wedding 

as o'oio; the mean spherical intensity I as 52 HK. Modifica- 
tions have been made in which gas and air are supplied under 
high pressure, by which much greater intensity is obtainable. 
The Lucas lamp, based on this principle, is said to give 
1160 HK horizontal intensity.- 



S 40. Electric Glow-lamps." 

Filament lamps run off accumulators have frequently been 
used as constant light-sources, and as secondary standards. 
It is necessary to control the voltage carefully with a potentio- 
meter, as the intensity varies rapidly with the electric potential. 
They must be burnt in hrst (about 10 hours), and worked a 
Uttle below the normal pressure (reckoned for carbon fila- 
ments at 5 watts per i HK}. Under normal current-load, the 
temperature of the filament is about 1600° to 1800° C, and the 

> Cf. E. Bwir, Spekiratkafit und Calarimttru (J. A. Bulh, Leipzig, 
1907), p. 23. 

* See K. ScbkaiD, PMelMlum. u. Phetegrapk., 190S, p. 178 (J. A. 
Buth, Leipiig). 

* Cf. K. Schanm, litc.cil., p. 180. On the pbotomelrj of electric lampi, 
»ee J. A. Fleming, Electridati, (0, 438, 481 (1903). 
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surface brightness is 0*35 HK per sq, mm. In recent years 
lamps made with metallic filaments have been brought into 
use, such as the osmium lamp (due to A. von Welsbach), 
having a temperature about 1850^ to 1910° C, and a surface 
brightness 0-3 HK up to 33 HK per sq. mm. ; the tan/alum 
lamp, the filaroents of which, owing to its high conductivity, 
have to be very long and thin, has a temperature of about 
1700" C. The life of these lamps is not very long, and they 
cannot be particularly recommended for photo-chemical work. 
The osram lamp has a filament of an alloy of osmium and 
tungsten. Recently lamps with filaments made from colloidal 
metals, prepared according to Bredig's method and then 
compressed, have been used.' J. T. Morris' has made a 
comparative survey of the different types of filament lamps. 

Carbon filament lamps used as standards are best made 
with an extra-large bulb, as this does not darken so rapidly 
by the deposition of carbon. They should be of the high 
efficiency form, using 3} to 3 watts per cp. Where it is desired 
to have as small a source as possible, the so-called /oais 
lamps are convenient, in which the filament is coiled to a 
spiral or crumpled to a zigzag and brought to the focus of a 
concave mirror or a lens. 

According to Fleming ' the relation of the candle-power to 
the current is given by — 

CP. = aA' 
where A = amperes, a is a constant, and x a number between 
5 and 6. Similarly for the voltage (see remark, p. 34) — 

CP. =fV' nearly, 
where c is some other constant, and— 
y = 6 nearly.* 

The relation of the optical intensity of the osmium lamp 
to the Hefner standard has been measured throughout the 

> Zal.f. Eliitrvchtm., 4, 514 (1898). 
■ Electrieian, t>, 318 (1906). 

' E'uye. Brit., 9th ttlil.. Ail. " likclric I.ighiing." 
< Son also Sir W. <[« W. Abncy, Phalamaiy, Canlur LccLutl-s, Society 
ut .\rts, 1894. 
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spectnun by F. Leder,* and hence from the known values of 
the energies of the Hefner lamp throughout the spectrum {vide 
p. 81), the energy values of the osmium lamp were obtained 
(see Table VII.). From the curve of these plotted against 
ware-lengths, the value of the " black temperature " (p. 69) 
for any wave-length could be obtained, under the experimental 
conditions. Leder used a 35 HK lamp of the Auer Incan- 
descent Lamp Co., for 40 volts, worked at 36 volts and I'ai 
ampetes, or a consumption of 43*56 watts. 

Tablb vir. 
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It must be remembered that these values are only accurate 
under Leder's experimental conditions. 

T^ Nemsl Lamp^ fed by the ordinary lighting current, 
cannot be used where great constancy is required, but is a 
convenient source of moderate intensities (60 to 350 HK 
horizontal). The filament, or rather rod, is composed of a 
solid solution of rare earth oxides, which form an electrolytic 
conductor for the current This has to be previously heated 
to 600° C. before conduction takes place, which is accom- 
plished by a side-shunt automatically put out of action when 

' Ann. d. Fhys. [4J, H, 305 (1907). Lcdtr used 35 and 36 HK 
lamp*, which he found very comUnt on contioUioK the voltage. 

' Sec W. Nerait and E. Uosc, Dritdt's Aiw., », 164 (1903); K. 
SdwniD, loc. tit., p. 183. 
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there is autScient current passing. There is a " critical " value 
for the volt^e, above which the filament is destroyed, to 
avoid which a special resistance is inserted, as, for example, 
iron wire sealed up in hydrogen, the resistance of which 
increases very rapidly with rise of temperature, hence with 
increasing current. 

Intensity. — Lamps are delivered for — 



Volta 96-350 96-350 I 330 

Amperes I 05 ! O'SS-o'S I 

Iniemiiies HK . . . 64>-tJ5 1 14-40, 3S-46 1 250 

Walt! per IIK. . . 148-151 I 1-85-1-66. i77-r63 | 14 

Siu of Radit^ng Surfate. — Rod, 0*04 to i mm. diameter, \ 
10 to 30 mm. long. \ 

Surface Brightiuss. — i to i*6 HK per sq. mm. 

Temperature. — a 100" C. 

Useful Life.— ^00 to 500 hours. , 

For the relations of "loading" and intensity, etc., see 
reports by W. Wedding ' and L. W. Hartmann." Like other 
glow-tamps, the Nernst is a relatively poor source of violet and I 

ultra-violet light,^ | 

§41. The Arc Light,* \ 

The arc discharge between carbon poles, affording a I 

relatively intense source of small dimensions, and one rich in 1 

the rays usually most active in promoting photo-cbemical ' 

change, has been very frequently used. The light differs in , 

character and intensity in the different parts of the source; « 

' EIAtrtU:h. Ziilg., 29, 630 (1901) ; M, 443 (1903). 

' Pkyi. .ffrt'., 17, 65(1903). 

' Cr. F. Sachs and S. Hilperl, Chem. Brr., 87, 435 (1904)- They | 

found a. 1000 c.|i. Ncmsl praciicalty without cflVct on certain organu: | 

pholo-reactions. 

' Cf. K. Schaum, /«■- eil., p. 185; W. lii^n von Cmdnochowdii, \ 

Das EUklriscke BageniUkl, 1 904 ; B . Moneisch, Der tltelrische Lit Albion, ^ 

1904 i H. Ayrton, Tie Mltclric Are, 1903. I 
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the strongest emission is from the "crater" of the positive 
electrode i it is stated that in the ordinary arc the distribution 
is about Bs follows: positive crater, 85 per cent; negative elec- 
trode, 10 per cent. ; the arc itself, 5 per cent. The following 
table, by B. Monasch, shows the approximate intensities for 
ordinary arcs with continuous current : — 

Tablr vni. 
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The spatial distribution of the light,' due as it is to three 
separate radiators, is quite peculiar and has to be carefully 
conudered when the arc is used 
for projection, photo-cbemical 
investigations, etc In Fig. 16 
an approximate view of the 
way the ray bundles from the 
three portions are distributed 
is given. The maximum illu- 
mination occurs in the region 
K^ all three sources being 
operative here; in b^ the arc ~ 
pbu the crater are acting, in h 
the axcfi/tu the negative point, 
in Ci only the crater, in c^ only 
the negative pole. This is of 
course affected, ceteris paribus, 
by the inclination of the '" 

carbons to each other. Very convenient lamps are now made 
with the poles almost at right angles. 

• See for calculations, photometry, etc., P. Hi^er ; J. A. Fleming, 
Eltttroltch. Ztitg., VJ, 479, 686 {1906). 
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Constancy. — The possible causes of variation are so man; 
that it is difficult to get even an approximately steady light 
from the arc. A very careful investigation by M. Wi^dermaiui,' 
of the conditions under which it may be used as a constant 
source for the investigation of photo-chemical dynamics, led 
to the following conclusions. 

The low-current arcs of Korting and Mathiesen under 
ordinary conditions gave variations of lo to 30 per cent. 
Where the " insolation " or exposure required was com- 
paratively short the best results were obtained with a Dubosq 
form. The arrangement was that the current from accumulators 
passed throt^h a Fleming variable resistance (3 ohms), the arc 
and the amperemeter. 

A voltmeter could be connected either with the arc terminals 
or with the terminals of the accumulator-battery; provided 
the resistance in the circuit is kept constant, the higher voltage 
at the accumulator terminals compared to that at fhe arc 
terminals (67 volts compared to 42 volts in Wildermann's 
experiments) makes this arrangement more sensitive without 
loss of reliability. The light from the arc — in the direction 
of maximum illuminating power — felt symmetrically on the one 
hand on the photo-chemical reaction mixture or actinometer 
(in this case a photo-electric cell), on the other, and during 
the prepress of the reaction, upon a Rubens thermopile 
connected with a Nalder galvanometer. The galvanometer 
defections having been previously standardized, the radiant 
eneigy of the light £outd be expressed in absolute units. 
Under the best conditions for steadiness, the variations of the 
ammeter were rapid oscillations within i to 2 mm. for a total 
excursion of 31 mm., corresponding to 6'2 amperes, the volts 
being almost stationary. Continual slight oscillations about 
a mean may be reckoned as compensatory, the aim being to 
bring about the same auto-compensation as in making tbermo- 
regulators. Wildermann recommends — 

(<i) The voltage at the terminals of the arc should be 
43 volts, at the terminals of the accumulators 65 to 67 volts, 

' Phil. Tram- Ray. Soc., 906, 335 (1906). 
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and the amperes in the circuit about 62 to 60. 'llie standard 
resistance (3 ohms) should not be altered. 

(J) The catbons must not bum down more than i to 2 cms.) 
the incandescent surfaces should be kept as untform as possible, 
the ends of the carbon poles being trimmed when necessary 
with a file. It was found that the short hard carbons of the 
London Electric Co. gave very good results, those used being 
8 mm. in diameter for the upper, and 14 mm. in diameter for 
the lower pole; they were placed co-axially in a line making 
only a very slight inclination to the horizontal. 

(e) There is a special distance between the poles — or spark- 
gap — which gives the most uniform illumination, and this must 
be determined by trial and error. Under these conditions a 
constant light over a limited period of time is obtained, when 
readjustment becomes necessary owing to the movement of 
the crater and the consumption of the carbons. 

For an investigation of the photographic intensity of arc- 
light in the blue, green, and orange respectively, measured by 
the effects on panchromatic plates behind three-colour filters, 
see J. Frecht and £. Sterner.' 



§ 43, Light-sources for the Ultra-violet. 
In many investigations it is desirable to have a source rich 
in ultra-violet radiation. As we shall see later, the increased 
photo-chemical activity of the shorter wave-lengths is no 
coincidence, but a connection of considerable theoretical 
importance. The quantitative measurements of ultra-violet 
radiation are rather scanty. Where the radiation is intense, 
A. Pfliiger* has shown that absolute measurements with the 
thermopile can be made ; it appears that the energy of the 
ultra-violet spectrum of the spark from metallic electrodes 
(Leyden jar discbaige) is much greater than appeared from 
the iAiot<^aphic effect Using an mduction coil with Deprez's 
interrupter, the galvanometer throws are constant to i to 3 

1 Zai, vrut. PM., %, 36 (1905). 

' A. Pfliijec, ZtU. wiss. PM^ % 31 (1904)- (^ ;^ ,^,,, \^. 
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per cent. With aluminium electrodes the excursions, using a 
galvanometer of sensitiveness i div. per 4-10"'° amperes, were 
approximately 200 to 300 ; the same values were obtained for 
the zinc lines at 103, 207, 310 ii/i, for the cadmium lines 
at 314, 319, 337, 231 11^ and for nickel, cobalt, and iron 
lines from 330-350 iifi., and up to 900 div. for the magnesium 
lines at 280 /tp. It is found that the maximum for the energy 
in the spark spectra of all these metals lies in the ultra-violet 
Pfluger has applied the method to the detennination of ultra- 
violet libsorptions. 

Spectro-photometric measurements in which a photographic 
plate replaced the eye, for use in the ultra-violet, were made 
by H. Simon ' ; the plate was drawn at a known rate before 
the ocular slit, and then the effective intensity determined by 
comparison with a plate having a known exposure. B. Glatiel 
made some modihcations and measured the ultra-violet 
absorption of acetone and aqueous potassium nitrate, and later 
that of some aromatic hydrocarbons. Attempts have also 
been made to use an ocular of fluorescing material for 
quantitative work. 

We may note that in high altitudes, the ultra-violet 
content of the sun's rays is far greater, owing to the lessened 
atmospheric absorption. Thus colourless glasses containing 
manganese are coloured violet in a few months at great 
heights — 4000 metres — above sea-level, according to S, Avery, 
though even then the action is vastly slower than with a quartz- 
mercury lamp (J — 12 hours). 

Use has also been made of the photo-electric effect of the 
discharge of negative electricity from polished metals (vide 
Chap. VII.) by ultra-violet light Elstcr and Geitel' have 
constructed a photo-electric photometer, which consists of a 
clean surface of rubidium in rarefied hydrogen. This surface 
is connected with the negative pole of a battery, whilst a 

> »'M/.^Nir., 09, 91(1896). 
' PAys. Zdl.y 1, 285 (1900] ; Ibid., S, 172 (1900). 

' P. V. Ccooket, Prec. Ray. Soe., 1905 i S. Awry, Brit. /num. 0/ 
Phot., 1905, 130. 

' Ivler'.ynArfj^i/. Plxa. ((895), p. 225. 
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plattaumwire which passes through the spherical glass contain- 
ing vessel connects with the positive pole ; the indications of a 
sensidre galvanometer in the circuit are within vide limits 
proportional to the light-intensity. The radiation measured 
is that between 330 and 500 ^^ 

As a test for intense ultia-violet radiation C. Schall' 
recommends paper soaked in a solution of i gram of p- 
pbenylenenliamine in 5 cc. of dilute nitric acid (a cc. acid 
S.G. 1*3 to 3 cc. water) dried rapidly in a Bunsen Same. The 
paper becomes blue on exposure to ultra-violet light Rays 
from gas, Auer, electric glow, and Nemst lamps do not affect it.^ 

The arc between carbon poles is comparatively rich in these 
rays; still more effective is an arc with metallic electrodes, 
such as iron.' Most effective of all are the cadmium, and 
especially the mercury vapour arcs, in vacue. Lamps on this 
principle are due to L. Arons * {1893), P. Cooper-Hewitt (1901), 
and othen. Those for ordinary illumination, photographic 
purposes, etc, are of considerable length, 50 to 100 cms., but 
shorter forms are now constructed. The lamp is started by 
making a short circuit between the electrodes. The light is 
steady, even when the voltage varies considerably. In those 
constructed of glass the shorter ultra-violet is absorbed (beyond 
300 fi^), but Schott and Genossen Jena, supply a lamp made 
with " Uviol " glass transparent to 350 y^. They are from so 
to 130 cms. long, contain 50 to 150 grms. mercury, and the 
electrodes consist of platinum capped with carbon.' More 
convenient forms where it is desired to have a smaller source 
have been devised by H. Siedentopf, in which the light from a 
concentric electrode is used.* 

The Heraeus mercury lamp, of fused quartz, offers the 

' Edet's fakrb. /if Phot., 1906, 39. 

' PJiet. Work, SS, 311 (1907)- 

' Cf. E. C. C. B«ly, Sptetresc»py, p. 368. 

• Wial. Ann., 47, 767 (iSga), and H, 73 (1896). See ako E. Hagan, 
J<mm.f. CatMg., U, 613 (1905). 

' W. N. Hatllcy Gndi that the Uviol lamp lets liltle Tadiation bcTonil 
SaSwipm. 

• See alio the fonn doigned by Barnes, Attrafkyi. yearn., 19, 190 
(1904), sod in Baly't Sfttlttieo^, p. 371. 
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most intense source of ultra-violet radiation available, fused 
quartz being transparent beyond soo ^fi. In worlcing with 
sources of ultra-violet rays, care should be taken to expose the 
skin as little as possible to the radiation, and in particular 
the eyes should be shielded with darkened glasses. Another 
source of ultra-violet is the spark-discharge ; using a Lejrden 
jar charged from an induction coil (lo cm. spark length), with 
cadmium electrodes an intense radiation at 375 /ift, with 
magnesium electrodes, one at 380 ^l,^l. may be obtained.' 

Mercury arc lamps suitable for chemical purposes, with a 
quartz jacket, are described by F. Fischer.' They are made 
with double-walled quartz cylinders fixed with sealing-wax into 
the neck of a surrounding cylindiical glass vessel connected 
with an air-pump. The anode consists of an iron ring, 
which surrounds the quartz cylinder and is suspended by 
means of two platinum wires fused into the glass vessel. 
Mercury placed at the bottom of the latter serves as the 
cathode. Arrangements are made to cool the lamp both 
internally and externally, so that the interior temperature is 
kept low, thus maintaining a low density of the mercury 
vapour and &vouring the production of ultra-violet rays. 

Sparks passed between aluminium terminals have been 
employed by W. H. Ross ' as a source of ultra-violet light. 



§43. Comparison or the Quality or Dipper&nt Lioht- 

SOURCES. 

The quality of a light-source may be considered in two 
ways. Thermo-dynamically, it expresses the distribution of 
energy in its normal spectrum ; relatively, the dittribution 
of a particular photo-chemical intensity, the most important 

■ Speclraaapy, E. C. C. BtXy, p. 373. 

• Str., 3», 3630 (1905). 

• yemm. Amer. Chem. See., S8, 786 (1906). 

• There ii a weak ultra-violet emiii^on from the Aames of gas aod ace- 
tylene, in tbe latter reachit^ beyond fifi 310. A, Amerio, AlH R, Actad. 
Sii, Torino, U, 673 (1907}. 
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case of ffhich is quality to the eye, the relative visual hue.' 
As we have seen, the absolute quality-value in the first case is 
best expressed by the constant ~ of Wien's equation for the 
visible spectrum.' Spectrophotometric comparisons of the 
intensity- distribution can be used, as we have seen, to deduce 
the absolute quality, or thermo-dynamic distribudon of energy, 
provided this is known from direct radio-metric determina- 
tions for one of them. But to give much of the data that has 
been obuined by comparison of different light-sources would 
serve no purpose, as even where the values are gi^en in 
such a way that comparison is possible, it is evident, with 
few exceptions, that the quality of the light varies too much 
for the results of one s^t of experimental conditions to be 
accepted without redetermination as a basis of calculation for 
other investigations. Full references are given, however, since 
a rough idea of the quality of a light-source is frequently of 
value to workers in photo-chemistry and photography. 

The spectrophotometric comparison of two tight-sources 
may be expressed in two ways. In the first, the intensity for 
each wave-length of the one which is taken as normal is put 
equal to I, and the values of 

the ratio I'a/Ix (normal) 
are obtained photometrically.' In the second, more frequently 
employed, the values of the ratios . * /-Q-n.-i ( for different 
wave-lengths are divided by this ratio for one definite wave- 
length X^ which is equivalent to equating Che intensities of the 
two lamps for A, ; this can of course be arranged for experi- 
mentally, by cutting down the intensity of one of the lights bjr 
any method which does not affect Its quality {vide p. 26). By 
plotting the values of these quotients — 

\\ (source) / I'tj, (source) 

Ix (normal) / I„ (normal) 

' Of couiie, the second cose depends apon the Rnl. 

■ Not for dUcoQliniiotu spectra. 

* A. Rudo^ihi, 7./. Gaiba., 1905, ai7. t IoOqIc 
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as ordinates against wave-lengths as abscissK, we obtain cba* 
Tacteiistic curves of the light-sources, all cutting the line of 
the normal lamp, which runs parallel to the abscissae at an 
ordinate i, at the point corresponding to A,. Such curves are 
given by Hartmann,' acetylene burning in air being taken as 
normal. See Fig. 17. 

Measurements of this type have been made by H. C 
Vc^el * (X. = S55 /yi) for the sun, arc, skylight and moonlight, 
with a petroleum lamp as normal ; by Hartmann for the lamps 
given in figure, by W. Nemst and E, Bose ' for glow-lamps, 
Welsbach and arc light (glow-lamp as normal), and by Else 
Kottgen ♦ for a large variety of light-sources, the Hefner lamp 
being taken as normal and A, = 590 ^ The measurements 
may be classified into four sets : (a) petroleum and solar oil 
burners ; (^) gas-burners ; {c) incandescent Welsbach- light ; 
(J) sun and sky. They were made with a Konig spectro- 
photometer, and are among the most valuable up to the 
present j but -for modem purposes a series of such com- 
parisons using electric sources is required. 

Less exact, but of considerable value for orienting purposes, 
are similar measurements not made spectrophotometrically, 
but in which different spectral regions are cut out by filters 
and compared for different pairs of tamps, just as was done 
in the foregoing investigations for practically monochromatic 
spectral regions.* For measurements of a large number of 
modem sources made in this way, see W, Voege.* 

The preponderance of blue and green in the Welsbach light 
compared with ordinary gas is very evident. There is a 
considerable difference in the quality of the Welsbach light for 

I I,. W. Haitmann, Phys. Ziii., t, 5 (1904). 

» H. C. Vogel, Berl. Ber., 1880, 801. 

» Phyi. Ztit., 1, 190 (19<»), 

' JfMf.,4»«..«. 793(1894). 

■ The difference in method is compoi&ble 10 tliM between detenniniog 
ihe sensilivenrsswave-lengih curve of b photographic plaic, and its relative 
sensiliveneu quolienl behind selected filters. See Thtary of Phot. Proeeis 
(Longmans 1906), p. 379. 

' Joiirn f. GaiM, 1905, 513 ; K. Scbnum, Phaletktmit, p. 195. 
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difTerent mantles, and it varies in the first days of use, then 
reaches a fairly steady value. 

Measurements for lo spectral regions of limel^ht, arc, 
sun, and daylight, compared with a i6 cp. glow-lamp, were 
made by E. L. Nichols and W. S. Franklin.' For other 
measurements of a similar type, less recent, see O. E. Meyer ' 
and W. H. Pickering.' 



\ 44, Photochemical Comparison of Light-soukces. 
The meaning of the expression "relative actinism" of a 
light-source is explained later (p. 115). The following table 
is given by Eder * for the chemical intensity of certain light- 
sources for silver bromide on development, the Hefner lamp 
being taken as standard. The values only serve to indicate 
roughly the proportion of violet and ultra-violet. 



RtUlive 
leiaiiyLDHK. 


""Sir"'" 


Rcluhc 

actlfliuD. 


Hefner 1 

Argtuid ','.'.'.','.'. 16 
Auer ur Welsbach .... 60 


z6o 

38 

160 

4000 

435 

170-400 

769 


37 


Mg ribbon per 1 mg. in air . 135 

Mg throofil^colourfess glass , - 
Mg ibimigh coloutlesi glass 1 
in oxygen per I wj^. . .\ — 


13-8 



Actually, the most important energetic data for what may 
be termed pure photo-chemistry are the values of the total 
energy radiated and the spectral distribution of the eneigy. 
Unfortunately, the principal direct determinations, by the 
bolometer or otherwise, for ordinary light-sources, lie outside 

' .J««-.5fe-™.,[3]», iQo(iS89). 
• ZHI. f. angae. Mlek. Lekr., 1, 3K1 (1879). 
' Pro(. Amir. Atad., U, 236 (1880), 

' J. M. lidw, Stt,. Bo: WUti. Akad., I903, April ; Britr. t. PAvlii- 
tAtmit, II. 149. 
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the regions of tbe spectrum which are mainly consideied in 
promotiDg chemical change, viz. the visible and the ultra- 
violet regions. 

Suppose the curve in 1^. 18 be the energy curve (i>. the 
energy puduius curve) of a light-source, and suppose the region 
afiiectiDg a certain photo- 
chemical reaction be that 
comprised between K — K- 
Now it is evident that in 
evaluating the influence of 1 
tbe wavelength of the light ■ 
upon the reaction, that we 
cannot say that that light of 
wave-lei^b -A. has greater 
influence on the reaction than 
that of \„ or that the maxi- Fig. 18. 

mum lies at \^ unless the 

relative intensities of these have been made equal. Let us con- 
sider the question more fully. One characteristic {vide p. 106) 
of a photo-chemical reaction is spectral sensitiveness. The 
" tenaitivenesE " is necessarily a quantity difficult to de&ne ; we 
may for the present consider it as a velocity-constant, or as the 
proportion of a reacting substance changed in unit time.' It is 
required to know the relation of this to the wave-length of 
light acting. We assume the possibility of making measure- 
ments at sufficient spectrum intervals of approximately mono- 
chromatic character. The quantity taken as a measure of the 
light-action is then plotted against the wave-length of the 
Ught, and this gives the spectrum sensitiveness. 




S 45. Choice op Co-okdimatbs. 
But it is necessary, if results of comparative value are to 
be obtained, to choose the co-ordinates properly. Tbe 

' Practically, in manj photochemical Ecaclions, ve Inke tbe time 
DcccKarf to produce a giTcn (conatant) quotient of change. The reci- 
procal of thu may be cmtsidered a« proportional to the reaction velocity 
<W. Ostwald, Uhrhitik d. allg. CJumie, 2nd edit., S, 336). 
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abscissse, wave-lengths, must be based on a normal spectrum, 
>>. one in which the distances between spectral lines are 
proportional to the differences of their wave-lengths. Such 
a spectrum b furnished by a grating, either flat or concave, so 
long as the surface receiving the spectrum is normal to the 
grating.' On the other hand, in all prismatic spectra, the 
dispersion is irratioQal, being compressed at the red end 
compared with the ultra-violet. In addition the absorption 
of light by the prism material causes a further departure from 
the ideal condition of an iso-energetic spectrum. Hence, the 
correction for dispersion alone does not yield satisfactory 
results. This may be accomplished by a method due to 
L. Mouton.' Let the indicating effect produced by the rays of 



Ai — A, = -y- ; this " effect " we need only conuder at present 

as the parameter of a generalized co-ordimite ; it may be the 
galvanometer throw of a bolometer, hence a measure of energy 
as heat, which can by reduction by expressed in absolute 
units, or it may be the "density" of a photc^raphic image, 
that is, an approximate measure of a photochemical reaction. 
But in any case, the effect is to be taken as a function of an 
activity sui generis proper to a mean wave-length of definite 
position in a. normal spectrum. Now, in a prismatic spectrum, 
the effective energy per infinitesimal interval dk depends upon 
the angular dispersion, being very nearly inversely proportional 
to this. Suppose that the value of the uncorrected effect 
-^ =/at a value 8 of the angular deviation, and that the 

value of the corrected effect be xK,, then— 

AS 

when 8 is the angular deviation. The correction is best carried 
out graphically in a manner due to S. P. lAngley." 

' See E. C. C, Baly, Sptctroscopy, p. 38. 

' CR., S9, 195(1879); also H. Viayxi, ffi/iuck d. Sfetlro*., I. 751. 

' Cf. II. Kaysei, HdhuiA d. Sfiiklrvi., I. 751. 
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Angular deviations or the spectrometer scale are plotted as 
ordinates, corresponding wave-lengths or well-known spectrum 
lines as abscisse, which gives a dispersion curve. At values 
of 8 for which the " effect " (thermal action or photochemical 

effect) has been measured, the value of ^T = tan ^ is read oS; 

the corresponding value of the "effect" muldplied bjr this 
gives the corrected "effect" for a mean wave-length in a 
normal spectrum. 

But this correction alone does not give a faithful return of 
the influence tfuparHcular distribution of energy of the source in 
question has on the phenomenon measured, since no allowance 
is made for the absorption of light by the prism. The effect 
of this is shown in the two figures due to R. J. Wallace.* The 
first (Fig. I 9a) represents the prismatic spectrum (/Id = i'6994) 
taken on a photographic plate and the densities plotted. A 
wave-length scale (dispersion-curve) being then prepared, the 
density and wave-length curve was reduced as described above, 
the results of which are shown in Fig. 196(0). On the same 
scale are plotted the results obtained with a replica- grating upon 
a similar plate, the value of whose region of highest density 
was practically Identical with that of the reconstructed curve of 
the prismatic spectrum (see Fig. i9b(^)). It will be seen that 
there is a marked lack of agreement, not only a deficiency in 
the ultra-violet, but a shifting of the maximum of sensitiveness 
to the red. Wallace states that he hopes to obtain a formula 
taking account of the loss due to absorption by the prism. 
In the mean time he points out that even in diffraction spectra, 
abnormalities of distribution occur, especially with gratings 
ruled on speculum metal, which possesses a selecdve absorp- 
tion varying with the different specimens. Further, in direct 
ruled gratings, the distribution of eneigy varies with the 
nature of the groove made in cutting, so that no two 
gratings give the same distribution. He su^ests as a 
standard dispersion-piece in sensitometry replicas made 

■ R. J. WalUcc, AstrpfkyHtal Joiim.. 1908 ; Brit. Jenra. ef Phot., 
«. 369 ('908). 
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in collodion, under standard conditions, from the same 
original' 

So much for the dispersion piece and its influence. 
Assuming that reduction to normal dispersion has been 
satisfactorily accomplished, we will return to the distribution 
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of energy in light-sources themselves, and the choice of 
co-ordinates in representing the influence of the wave-length 
on chemical reactions. The best way would be undoubtedly 

' For detaib, sec Ajtrophys. yotirn., SS, I2g (igojt. 
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the direct determination, by means of a line-bolometer, ladio- 
micrometer or other radiometer, of the energy curve over the 
given spectral r^ion under the same conditions as those for 
the photochemical reaction. Dividing the " sensitiveness " 
values by the corresponding values of the energy for the same 
wave-lengths,' we obtain a representation of the effect of a 
spectrum of equal energy. A better method of representation is 
to choose the lagarUhms of the " sensitiveness " as ordinates," 
when the correction for energy distribution is obtained by 
simple subtraction of the logarithm of the energy for a given 
wave-length from the logarithm of the sensitiveness. 

§ 46. Calculation of the Energy Curves. 

The energy curves for certain light-sources have been 
measured, in other cases spectrophotometric comparisons in 
the visible spectrum have been made {vide p. 100), and the 
energy curves can be calculated by using Wien's equation, 
for the region m which photochemical activity is most evident, 
provided that the source can be considered as a " black body." 

The validity will depend on the temperature of the radiator.' 
We cannot, for example^ apply Wien's equation to the sun, but 
for sources the temperatures of which lie below 3000" abs. 
the Wien law is applicable up to wave-length 10,000 fi.fL. 
£. Hertzsprung * has calculated the values of log S^ (the 
relative energy intensities) of the black body for different 
temp«atures, as also the optical intensities for the normal 
gnting spectrum, using Planck's equation. 

The values for the optical intensities were obtained as 
follows. From numerous determinations* of the spectral 

' Thii asumei a cwtain reladoD, namcljr, that tlie phMochemical effect 
b pf DportioD*! to the light inicDsi^. 

* E. HcrUtprang, Ztil. wui. Pkol., 3, iS (1905). He point* out that 
bf ke^nng to loKaritbmic quantities the Jtiirtd ordinates aie obtainable 
chlefl; "tif addithre processes. 

* See p. 65. 

* Zat. wiu. Fkol., 4, 43 (1906). 

* The " lensiliveoess " a Ihc licit perceptible differeooe uf iatensiiy ; it 
depends both on the total inteniity aad on the wa(«-lco)'tb. The vtlma 
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sensitiveness of the eye, Hertzaprung calculates as the most 

probable values for the logarithms of this, log H* 

X in y.^ 0-7S 070 0-65 o-6o 0-55 0-50 0-45 0-40 

logHx — 4'o4 — 2T9 — o"97 — o'ao o"oo — 047 — i-o8 — 1'36 

then rel. 1(^ Ix = log H* + rel. \<ig S* 

and ^= I lui\ = ( HxSijfX. 

The total intensities, given by the above integral. Hem* 
sprung obtained by planimetric measurement of the curves of 
the Ix values, and these give the values of the (total) sur&ce 
brightness of the black body for different temperatures, with 
which, however, we are not further concerned, their importance 
being chiefly for optical pyronietry.' 

The Bun and Daylifrht.— The light of the sun, whether in 
its direct form or as diffused daylight, is the most available 
and immediate source and naturally is the normal to which, 
in regard to colour, artificial light-Sources must approximate. 

Many investigations have been made of the rate at which 
the sun radiates heat The "solar constant," as it is termed, 
is the total radiation per minute falling perpendicularly on 
I sq. cm. at the earth's mean distance. It is necessary to 
distinguish, however, between the values outside the earth's 
atmosphere and that actually incident on the earth's surface 
after undei^oing absorption. The former is termed the 
" extra-terrestrial " radiation, the latter, " terrestrial " ; we may 
distinguish the corresponding values of the solar constant by 
R. and R,. 

The values obtained vary considerably." The most reliable 

ate Tot an Uo-eneigetic spectrum, calculated tjy HertispmnK (be. fit.) from 
the observalioni of A. Konig {Biitr. t. Fiyekeiepe u. Pkysieli^ d. Sinma- 
organe, Hamburg, 1891 ; A. Pfluger, Drudt's Ann., 9, 185 (1901) i S. 
Langley, Amir. Jour., {3) 36, 359 (1888] ; W, de W. Abney, Prte. Ray, 
Sec., U, S09 (iSgi)' On the whole lubjecl see K. Schaum, PM«citm n. 
Pkotepkyt., p. 70, V. i (A. Barlh, Leipfig, 1908). 

' See E. HertMptung, lac. fit., and K. Scliauni, Pkoltichan. «. Pktle- 
phys., VI. p. 162. 

* See J. Scheinci, Slraliiung u. TemfenUur d. Jw/imc, 1889, [i. 31. 
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detenninations are probably those of S. P. Langley,' who gives 
for R, 2-63 — 3'5o gram-calories. 

To obtain the value of R, from the actually recorded 
measurements of R^ it is necessary to correct for the absorption 
by the atmosphere, which is accomplished by determioing R, 
for different altitudes of the sun. The method of Langley ' 
consists in- measuring with the spectrobolometer the energy 
' curve for a high and a low altitude of the sun ; the difference, 
taking account of the thickness of the atmosphere traversed, 
enables ui to determine the eMinction-cocfficient for thedifferent 
wave-lengths and thus construct the energy curve of the extra- 
atmosphciic radiation. The planimetry of this gives the value 
of R^ Langley gives' 25 values determined for this, the 

, . gram-cal. 

mean bemg ca. a'l g— - j • ■ •• 

This would correspond to the radiation of a " black body" 
at a temperature of 5990° abs. The latest researches of 
Abbot' give from the energy distribution in the extra- 
atmospheric spectrum a temperature of 6356° abs. The 
value of R. can be expressed, from the Stefan-Bolzmann law, 
by the following formula ; — ° 

R, = 60 S^ V [^ sin' ^ 
where ^ is the radiation consUnt (p. 73), ^ the angular 
radius of the sun, and ^^ is the " quality constant " in Wien'i 
equation. 

Knowing the value of -jc , we can calculate R, from this, or 
conversely. From Abbot's determination E. Hertzsprung 
has calculated the value of ,p for Planck's equation, which 

' Phil. Meg., [6] I. 78 (1904)- 

* Wici. Ann., IB, za6, 384 {1SS3). 
■ Phil. Mag., let. at., p. 80. 

' C. G. Alibolt, SmithioniaH MtKilIaHtmit CentrituHein, 46, 74 
(1903). 

* F. Kudtunm, Witd. Ann., W, 746 (iSqSI- 
'- Zeit. win. Pk»t., %, 173 (i9°5)- 
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gives the best correspondence with the obserred enei^ 
distribution ; he finds J = 2 '3, then from the above — 
R. = 6o><..„x.o-..[Wf5]W* 
= re,? 



gram-cal. 
*cni.* min. 



% 47. Distribution of Energy in the Solar Spectrum, 

Hertzsprung concludes that the radiation of the sun outside 

the earth's atmosphere corresponds, with fair approximation, 

both qualitatively and quantitatively, to that of a black body 

having for ^ the value 2-3 to a*4. If we take as a mean 

value for R, = a-so ^ ..'. ', we obtain, for the rough 
cm. mm. 

division of the enei^gy Into infra-red, and visible radiation 

from Langley's measurements — 

VUible f + ulm. 
TouL Inrn-nd. viokt). 



The principal investigations of the energy distnbution of 
the solar radiation are due to Langley' and his co-worker 
Abbot. By means of the " spectrobolc^raph " he could obtain 
within IS minutes a complete record of the distribution of 
energy in the sun's spectrum, photographically recorded, from 
the violet to 6;i. The means of Langley's earlier observations 
are given in the table. 

• Ijx. tit.aaA Astn}phyi.Jimrn.,\:t,V)(\<)a^. For >n account of Ihe 
expetimenlal method*, see E. C. C. Baly, Sftrtroscffiy, pp. 316 et uf. 

Addendum. — The most recent and complete discussion of the " solar 
constant " and Ibe absorption of the atmo^heie for solar ndiation will be 
round in the Annals tf Atlnpkyt, Lai. of SiHil/uaHtan Ins., %, pp. I-aj7 
(■90S) ; it deals with ibeuork of the oljsenmtoijfrom 1 900- 1 907 ; the most 
probable value of R, is 2'l - -^^-^ wKich, however, Taries, both liom 
A layer of water Tapour at 4000-5000 ft. 
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Tbe values of Sa given are the galvanometer excursions. 
Column h gives the results for a lower altitude of the sun than 
for column a, such that the thickness of the atmosphere 
traversed would be twice that for a. It will be seen that 
tbe relative distribution and the position of the maximum 
depend veiy considerably do 40 » 10 

on tbe thickness of atmo- 
ipbeie traversed. The 
hct is of great importance 
for the pboto-chemical 
measurement, or " acti- 
nometi;" of the sun's 
radiation, and does not 
appear to have been suf- 
ficiently considered. This 



234s 



Fig. ao. 
"quality" value, as it may be termed, of 



light-source, 
may be eziHvssed, so long so it can be considered as 

a black body, by the constant .' of the radiation-function 

(see p. 64). Hertzsprung ' has calculated from Langley's 

measurements, the change which the value — for the visible 

■ E. HennprtinB, Ztit. wiu, PAt., 1907. 
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spectrum (0*4 to 07 /i) undergoes in passing through one atmo- 
sphere, which he finds to be 04 ± o'l, where ± o*i is the devia- 
tion of the observation on any dajr from the mean. In the curve 
is shown an approximate representation of the change in the 
value of ^ widi the sun's height for clear days (Fig. »o). 

Abidssa. — Cosecants of the sun's altitude = sec ^ {mde 

p. ...). 

Ordinaia. — ^ values for the visible solar spectrum. 

From this we may reckon that the vrinter sun in our 

laUtude has a value for ^ = 4, which would correspond 

roughly with burning magnesium. The total daylight, how- 
ever, is of course modified in quahty by the skylight, and is 
therefore bluer, especially at low altitudes of the sun. 



§ 4S. Absorption of Light bv the Atmosphere. 
Various formulee have been proposed to express the effect 
of the atmosphere's absorption upon the intensity of direct sun- 
light.' Fouillet assumed that the ordinary law for the absorp- 
tion of light held i^nde Chap. V., p. 143), and expressed the 
relation by — 

I. = lo/- 

where I. is a constant (proportional to the extra-terrestrial 
intensity), ^ is a constant called the absorption-coefEcient, 
and m is the mass of atmosphere traversed. Crova and 
Bartoli proposed modifications, which, however, are not much 
to he preferred to that of Fouillet, since they also do not hold 
over the iriiole range of observation. Pouillet's relation may 
be written — 

log, I = i7i — bittt 

where <i\ and J, are constants, whilst m is evidently some 
' Cf. A, Bemporad, Mettareh Zdt., 1907, p.,306. 
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fimction of the sun's zenith-distance (90'' — altitude) ^ '. 
N^lecting the eaith's curvature (see Fig. 31), 
let eb = direction of zenith 

ca = direction of sun \a b 

aei = ^ ~ ^ ' 

it is obvious from the figure that — \ ^^_^__ 

m = F(^) = ^ sec ^ = A/cos <j> Fig, at. 

where 4 is a constant, proportional to the perpendicular thick- 
ness of the atmosphere, and hence to Uie height of the 
barometer. We can ttierefore write for Pouillet's formula — 
p 
I, = Ij> ^'"» ♦ 
•p 
or I, = I. ro 7WJHK* 

where a is the thidcness of atmosphere traversed which reduces 
the original intensity ^. I'his was the formula used by Bunsen 
and Rosroe in their actinometric researches {viiie p. 117). At 
low altitudes of the sun we cannot, however, neglect the earth's 
curvature, for it is obvious since m <c sec 1^, that the value 
of M would then approach w . It has been proposed to use 
Lamberfs construction. 

ftt =- */ ff -|- arh +r'co3*^— rcos^ 

where r = earth's radius, h =1 height of earth's atmosphere, 
assumed homogeneous. However, it is not homogeneous, 
and a better expression is that used by l^place ' for the relative 

thickness: according to this &e relative thkkness m = ,= — ^.- -. 

K , sm ip 

where n is the astronomical refraction corresponding to ^. 

> Tbe lenith-distance laxf be obtuned by direct meaauienent of the 
oltitDde, or when tbb is not feoidble, fiom the equaiion cos f = cos S cos / 
cot p + AatKtip, irbere I u the son's declinuioD on tbe day of observa- 
tkn, / = the latitude, Mid f is the soUr time in degrees. For the influence 
of the zeDith-dislancc on rsdialion, see »lio Sv. Arihentut, LtAri. d. Xei- 
miicktn Pkytik. (S. Hirtiel, Jena, 1903). 

' Lambtrit, PMclawulria, Oitwald's Klaaiio', Nos. 31, 33 (Leipiig). 

' Cf. A. Loodc, L'AcUnvmJlrit, p. 139. 

T.P.C. * LI 
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This is itself a function of ihe atmospheiic tempeiature 
gradient. 

Instead of Fouillet's expression, which in logarithmic form 
is, as we have seen, 

log I, = B, — byM, 

Bemporad finds the parabolic form 

log I| = ''il — ^aW', 

where /= a proper fraction, to be satisfactory over the whole 
variation of ^, but m is obtained by rigid use of Laplace's 
function, assuming a definite temperature-bll through the 
atmosphere. Bemporad has calculated tables of the values 
M* for different values of ^, by which the application of the 
more complex form becomes much simplified. 

For altitudes greater than io°, the expression of Pouillet, 
with m taken as proportional to sec ^ is fairly satisfactory. 

Stiictly speaking, in the expression! = 1,10 ''°"'* the values 
of a, the extinction coefficient can be different for each wave- 
length, so that if the original intensities be Ii, Ii, etc., the 
intensity after transmission will be — 

r = Iiio-'i" + Iaio-«>« + etc 
= 2io-*" 
The value of I' can then only be obtained by using a 
dispersion-equation or interpolation formula, expressing the 
complex conjugation between a. the extinction, and A the 
wave-length ; but, as will be seen, the expression is generally 
used in actinometry as true for a considerable breadth of the 
spectrum. 

§ 49. The Actinomktry or Sunlight. 
Actinometry has been sometimes used as a general term 
for the measurement of solar radiation, but it is generally 
restricted to the measurement of the intensity of radiation by 
chemical means. The general methods and laws will be dealt 
with in another chapter; we shall confine ourselves here to the 
determination of the chemical intensity of sunlight. It must 
be clearly understood that there is, however, no absolute value 
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in this term. For as light of eveiy wave-length is capable of 
affecting some one particular chemical reaction, and since, as 
we have just seen, the solai spectrum is composed of rays of 
all periods of vibration, we could theoretically measure by 
suitable choice the chemical intensity of any group. Further, 
the energy varies from wave-length to wave-length, and the 
ratio of die energies changes according to the nature and 
thickness of the. atmosphere traversed, consequently different 
actitHMneteis selecting different portions of the sun's spectrum 
will not give comparable results. The data 0/ any partieuiar 
aetiiwmeter are only of individual value. Only when effected 
by the same region oi the spectrum, that is, when they have the 
same curve of sensitiveness {iHde p. loti), are the indications 
of two actinometers comparable. What has been said here 
concerning the sun's radiation applies with equal force to every 
other light-source. It is often loosely stated that one l^ht is 
more adinie than another. By this is usually meant th^ it is 
richer in the Sorter wave-lengths — violet and ultra-violet — 
since the majority of photo-chemical reactions are due to 
these. The rela&ve actinism of two hght-sources depends 
upon the chemical reaction used to compare them. The 
relative actinism, for a given reaction, is the ratio of the 
chemical intensities, divided by the ratio of the optical 
intensities. For example, Eder found that' r mg. of mag- 
nesmm burnt in a ribbon had the same effect per second 
OD a silver bromide plate as an exposure of 435 seconds to 
a Hefner lamp at r metre. Hence the chemical intensity of 
I pig. magnesium for silver bromide = 435 HK.M.S. For 
silver chloride, the chemical intensity per i nig. Mg was 
similarly 87a HK.H.S. Now, the optical intensity of Mg 
burnt at 7'4 mg. per second, was found to be 13J HK. 
Hence the relative atHnism of magnesium for silver bromide 
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= n-i 



and for silver chloride - — = 47'^ 



' J, M. Eder, Batrdgt mr Phaltthtmit, Part II., [i. (^^|,|^. 
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Thus, keeping to the same standard light-souice, say the 
Hefner, and the same photo-chemical effect, say that of the 
silver bromide plate, we could obtain in this way a comparisoa 
of the ao-called actinic powers of different light-sources. 

It has been repeatedly shown that the ordinary optical laws 
hold for the rays acting chemically. Beside these, there is one 
prime condition upon which actinometry as a quantitative 
science depends. That is the so-called reciprocity law. A 
photo-chemical change will be in general greater the greater 
the intensity of lighL If we denote by A -> B the change, then 
the photo-chemical effect will be measured by a definite 
quantity of B produced from A. This effect, which may be 
termed £, should always correspond to the same amount of 
light-energy. The total amount of light or " light-flux " 
l^vide p. 77) over a time / will be equal to It, where I is the 
intensity. Then the photo-chemical effect E should be pro- 
portional to this, i.e. E = li. I/. This is the so-called "reci- 
procity " law, which states that the same photo-chemical effect 
is obtained with a light-sensitive reaction for the same amount 
of light, whether the intensity be diminished and the time 
proportionately increased or conversely. The product 1/ is 
sometimes termed the " insolation " (Bunsen and Roscoe), or 
the exposure, and the practical photographer rehes upon the 
validity of the redprocity law every time for determining the 
correct exposure. It has been found valid within certain limits 
for the chlorine-hydrogen actinometer ' for the darkening of 
silver chloride,* or generally for photographic processes with 
silver salts, for the decomposition of ferric oxalate,' and certain 
other reactions. We shall return to the question later in 
dealing with the general theory of photo-chemical change \ we 
may consider it established for the actinometric measurements 
of sunlight now described, so that the photo-chemical effects 
measured could be regarded as trustworthy indicators of the 
amounts of light involved. 

' PkiS. Mag., [3] M. 4« ('873), J. W. Draper. 

' K. Bunsen and H. Roscoe, Pogg. Anti., \\t, 536 (1S63). 

• Marchanil, £lude sur la /one chimiqHf rontenut dans la Inntiire dii 
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9 50. The Practical Valuk of Actinometric 
Researches. 

Although the very sensitive bolograpb of Langley will 
record vibrations well into the early ultra-violet, yet it is upon 
the chemical reactions of the photographic plate that we 
depend chiefly for cosmic photometry. Actinometric research 
is of importance, inter alia — 

(11) For meteorology and cosmic physics, in determining 
the eScct of the atmosphere on certain groups of spectral rays, 
from which again conclusions both as to the variation of the 
atmosphere, and the best conditions of time and place for 
astronomical photography may be drawn. 

(j) For bio-geography, since the photo-chemical climate 
is an important factor regulating the distribution of plant, and 
hence also of animal life upon the globe.' Under this we may 
also include its value for agricultural science. 

(f) For the general practice of photography. The researches 
of Bunsen and Roscoe and others have furnished the material 
for the exposure tables and guides familiar to most photo- 
graphera. 

The first actinometric measurements of sunlight were made 
by Saussure,' the pioneer of alpine exploration. He made use 
of Berthollet's discovery of the decomposing effect of light on 
chlorine water to construct an actinometer, and also employed 
papers coloured with vegetable tinctures (1790). Although 
diSeient types of actinometers were constructed (see Chap. I.), 
no further investigation of a general character was made till 
Bunsen and Roscoe commenced their epoch-making " Photo- 
chemical Investigations" (1854). They may be said to have 
founded actinometry as a quantitative science, and we shall 
deal with their researches in some detail. 

' Cf. Bsiwen axA Roscoe, Pogg. Ann., IM, 193 (1859). 

' H. B. deSiumiTe, "E%Uchim[qu«s (tela lamitremr one hiulemon- 
tagne coroparfe avcc ceux qu'on nbserre &K& les plaines," M/meira it 
tAeadatnk de Turin, IV., 441 (1790) ; ind Crell's C^tm. Ann., I. 356 
(1796). 
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§51. The Chemical Intemsitv of Direct Sunlight, 
We have seen that the intensity of light is altered by 
traversing the atmosphere in a manner expressed by the 
equation — 



Bunsen and Roscoe, assuming that all the rays acting on the 
mbcture of hydrogen and chlorine in their actinometer (n'i/« 
p. 241) bad the same value of a, compared the deductions from 
this formula with the observed workings of the actinometer for 
different altitudes of the sun. The agreement (see Table X.) is 
fairly good, considering the difficulty of the experiments and 
the many calculations necessary for the deduction of the photo- 
chemical effect ; this agreement we might put down to the 
fact that the rays chiefly acting form a narrow portion of the 
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Spectrum, from about 516 /i/i to 370 /i^ according to I 

' If the absorption aX water vapour \% allowed for, the expression would 

have the form I s 1, 10 J5" , where/is the vapour-pressnre of water, 
b ■ coiMtant. Further, it i* only permitsible to neglect the earth'i com- 
lurc for altitude* of the sdd greater than icP. Below that the thickness 
mnit be calcalated b; Bouguer's formula, or that of Laplace, according to 
which the relative ibickncsi is proportional lo the refrsclion divided by 
sin f {^vidt A. Londe, AtlinvBielrU, p. la). 
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and Roscoe's experiments, but it will be seen from Langley's 
numbers (p. 110) that it is just in this region that the selective 
absorption of the atmosphere is most evident, Bunsen and 
Roscoe themselves fully recognized that the rays of different 
colour within the portion of the spectrum acting were differently 
absorbed by the atmosphere. Thus they state, with regard to 
dieir determination of the relative action of the rays of the 
solar spectrum on the hydrogen-chlorine mixture, that "the 
experiments communicated only hold therefore for sunlight 
which has traversed a layer of air 9647 m. thick at 0° and 
760. For layers of air of other thickness the relation between 
the chemical artivity of the different spectral colours must be 
a different one." 

The approximate validi^ for heter(^eneous light of a 
relation theoretically true only for m<machromatic radiation 
may be compared with the case of E. Rasch's expression for 
the dependence of the optical intensity, i.e. physiological sensa- 
tion of light, on the temperature of the radiator {see p. 68). 
As was stated, this relation, found valid for the total brightness 
or for that of broad spectral r^ions, is identical in form with 
Wien's radiation function, and should therefore only apply to 
monochromatic illumination. The reason of this validity is 
probably the same in both cases, viz. the narrowness of the 
spectral region of maximum activity.' 

By means of this expression, we can, following Bunsen and 
Roscoe, calculate the magnitude of the chemical power of the 
sun's rays* in a clear atmosphere for every geographically 
determined place, for every time, and for every altitude above 
sea-level. Assuming that the chemical effect in the acUno- 
meter is proportional to the intensity of the illumination, the 
formula for the chemical effect may be written — 

W, = W, 10 ™#P* 
P. being the height of the barometer for which the constants 
a and W, were determined, P any given barometric pressure. 
W, is of course the extra-terrestrial photo-chemical effect, 

' Schaum makes it rest on the different action of rods and cones. 

* II moil be icmembeied that this only refers to the chemical effect of 
one paTticalar ■clinomeler, iJ, for one grtiap of rays of the spectrum. 
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anal(^ous to the extra-terrestrial solar-constant R^ Bunsen 
and Roscoe obtained from their experiments the value — 

0-4TS8P 

W, = 318-3x10 "»♦ 
t>. W,=3i8'3]ight-degrees,a light -degree being 1000 ligbt-units. 

Bunsen and Roscoe defined their chemical Ught-nmt as the 
action which their normal^axa& (vuie p. 85) exerted at i metre 
in t minute on a normal mixture * of hydrogen and chloiiue 
exposed in an insolation vessel so thin that the variation of 
absorption of different rays could be neglected. 

The chemical illumination of the sun's rays outside the 
earth's atmosphere is therefore equal to 318*3 x 10' light- 
units. This effect can be expressed in terms of the volume 
of HCt produced, or as the height of a uniform layer of 
hydrochoric acid gas at 0° and 760. If the rays producing 
this illumination are supposed to traverse an infinitely thick 
layer of the hydrogen-chlorine mixture till completely absorbed, 
they would produce a layer of HCl having at 0° and 760 a 
height H„ which may be calculated by the following formula — 

q 1- 10— 
Here, v = volume of HCl at o" and 760 produced by one 
light-unit, 
f = surface of gas in the insolation vessel, 
h = the thickness of the hydrogen-chlorine mixture 

reduced to 0° and 760, 
a = the extinction coefficient of the mixture for the 

light acting, 
L = the number of light-degrees. 
Under the conditions for which the value 318-3 was 
determined, this gave Hj = 35-3 metres. Hence the extra- 
atmospheric sun's rays, if supposed to pass into an infinitely 
thick layer of the hydrogen -chlorine mixture, could unite in 
one minute a layer of hydrogen chlorine 353 metres high to 
hydrochloric acid. By calculation from the equation, it 
appears that after traversing perpendicularly the atmosphere 
' Halogen and chlorine in equivalent proporlinns hy electmlysis nf 
HCI«q. 
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at 760 mms. [vessure, the rays only exert an action equal to 
14*4 metres of the gas layer, so that two-thirds of their chemical 
intensity is lost by absorption and scatter. 

It must be rememb^ed' that this diminution only holds 
for the particular reaction in question. 

Consequently, the absolute deductions of Bunsen and 
Roicoe are of less value than the relative ones as to the 
diitiibution of the sun's chemical intensity according to 
barometric pressure (hence, height above sea-level) and 
geographical position. Their significance for meteorology 
is fundamental ; for agricultural economy it would be greater 
if we could be certain that deductions made from the behaviour 
of the hydrogen-chlorine actinometer could he applied to the 
pfaoto^nthesis in plants, which is accomplished by quite a 
different portion of the sun's spectrum. However, the data 
afforded by the hydn^n chlorine actinometer and the silver- 
chloride one (vide p. 133) run approximately in congruence, 
and, as will be pointed out later, the fonner instrument as used 
by Bunsen and Roscoe is perhaps the freest from errors in 
working and the most trustworthy. 

With respect to what may be termed the photo-chemical 
climate, a remark of Bunsen and Roscoe's is worthy of note.' 
Tbey point out that the law according to which the thermal 
climate of a place should depend upon its height above sea- 
level and the position of the sun is completely obscured, in 
that convection by sea and air leads to a quite irregular 
distribution. To such disturbing influences the photo-chemical 
climate is presumably not subject, for the local photo-chemical 
effect of the sun's rays cannot spread to other portions of the 
earth's surface. Hence the distribution of the photo-chemical 
forces on the earth should follow much simpler laws than the 
distribution of heat from the sun. 

The following table gives the relative chemical illumination 
for different zenith-distances of the sun and heights of the 
barometer, calculated from the formula on p. ir9. The 

' F'a- Ann., IM, 150, 1859. But the ^mplicity of th«se laws is 
otncnred aclnally bf the ^Ker tneteoroli^cal ficlon, in that cloud formn- 
lion interpolul* a leiy variable &Glor (vn^ p. 137). 
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relative illumination is expressed in Ught-degrees. The upper 
horizontal column gives the zenith-distance of the sun, the 
first vertical column the height of the barometer. 
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show bow dUTerent the chemical action in the highlands and 
lowlandi must be under otherwise similar conditions.' Yet 
these <Ufferences, conditioned bj height above sea-level, are 
small compared to those dependent on the geographical 

latitude. The formula W, = 3i8'3 X 10 ™** gives the chemi- 
cal illumination Tor a surface-element on which the sun's rays 
are perpendiculaTly incident.' To obtain the action on a 
horizontal surface element, >>. one in the plane of the horizon, 
the values must be multiplied by cos ^. The following table 
gives the values calculated by this means by Bunsen and 
Roscoe for a number of places and times : — 
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In thttr further investigations, Bunsen and Roscoe used 
for the chemical effect of the sun's rays on a horizontal 
surface-element, instead of this formula, W, = cos ^ X 3iS'3 

X 10 ""* , a purely em[»ncal one, in which W, is expressed 
by a series of powers of the cosine of the zenith-distance ^. 
W, = tf cos*^ -I- b cos*^ + c cos'^. 

■ R. BuDien and H. Roscoe, Fogg. Attn., IM, 370(1859]. 

■ PUnti react to the change of the sun's allitude, in that the leavea ue 
nmally so turned that the Dpper surface is perpendicular to the sDn's lays 
(posiciTe hcliotiopism). But certain plant*, lo protect themselves against 
too intense radiation, have their leaves vertical so as to be iliominated by 
the morning and evening iud only. The tropisms and taxes of plants 
exhibit their life as in exquisite sympathy irith the variations of clectni- 
magnetic energy, of which Ihey fortn, so to spenk, sympathetic receiving 
Hatioru and reserve capMiiies. 
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% 52. Diffused Davught. 
Direct sunl^ht only forms part of the light flooding the 
surface of the earth. In its passage through the earth's atmo- 
sphere, sunligbt is not only absorbed in the particles com- 
posing this, whether gas molecules, dust particles, or suspended 
discrete water droplets, but is also reflected and reflected 
again from these. The /d At/ reduction in strength of the sun's 
rays is due, therefore, to both these causes. But a la^e 
part of this scattered light, as the diffusely reflected portion 
is termed, reaches the earth again and forms diffuse skylight. 
We are dealing, of course, only with a clear sky. The 
scattering action of the particles, when they are small com- 
pared with the wave-lengths of light, modifies the colour 
and quality of the total light The longer waves dodge round, 
the shorter are reflected back. Supposing these shorter waves 
to be again reflected to earth, we should expect this skylight 
to be comparatively rich in the short wave-lengtbs. But it 
has itself again to pass through a certain layer of the atmo- 
sphere, and this transmission exercises a further modification, 
in that of its own ensemble of wave-lengths the longer are 
relatively impeded. Consequently its ultimate colour will be 
that of the intermediate wave-lengths, in the blue and green 
regions of the spectrum. Lord Rayleighj' to whom this explana- 
tion of the blue colour of skylight is due, showed that the 
intensity of the scattered light varies inversely as the fourth 
power of the wave-length, i.e. — 

^' V 
This scattered light undergoes transmission, throt^h, say, a 
thickness x, so that the intensity of the light transmitted 
after undergoing scattering and absorption in the total thick- 
ness X, is given by — 

_ K-r 

I = I. e '**" {vide p. 145), 
whence, substituting for I, — 



■ Phil. Mag., 41, 107, a75 (1871), 



Clooglc 
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which expresses both the effects of scattering and absorption 
on any «y.' 

Another result of the scattering or diffuse reflection is that 
the light from the sky is polarized, to a degree depending upon 
the altitude of the sun. It can, therefore, be extinguished by 
reflection, and this has to be taken account of in detennining 
either its chemical or optical intensity. The light should, when 
possible, be allowed to act directly, not by reflection, on the 
receiving surface. For a full account of the absorption and 
polarization of light by foggy or turbid media, and their 
dependence on the size, etc., of the particles, see G. Mie, 
Aim. Phys., 26 (3), 377 {i<)oZ). 

Raylcigh's theory has frequently been called in question," 
and specific absorption by components of the atmosphere 
(Oi, O], H,Oi) allotted a part in determining the colour of 
skylight. For a comprehensive review of the entire question 
a paper by G. L. Nichols may be consulted." The latter, from 
spectrophotometric observations, finds a greater variability 
in the extreme violet and red. 

The total illumination due to the difliised hght alone 
depends of course on the position of the sun, and the measure- 
ment of its chemical intensity offers considerable experimenul 
difficulty. Bunsen and Roscoe determined it indirectly as 
follows:* They measured photometrically the ratio of the 
illumination on a horizontal surface element due to the whole 
sky to that due to a portion at the zenith j^ of the total, 
throughout the day on clear days, the direct sunlight being 
diverted. If we term I, the illumination due to the whole sky, 
and I, that due to the zenith portion, then they determined the 

variation of ■-' with the sun's altitude. They found that this 
ratio was a linear function of the zenith distance, i.e. — 

' See A. Schiuter, Aitropkyi. fnim., 98, t (1905) '<>' a complete 
■nadieiiMticml trealnienl of the effect oF a " foggjr " almosphcre on tadiltioD. 

• Sprii^ Bna. Atad. Brlgi, [3] «, 504 : W. H. Hartley, Nature, 
n, 474 liM9)- 

• Phji. Rtv., M. 497 (1908). 

• Puiu- ''""•I m> "3 (iSS?) ; Ostwald's Klatiikfr, SI, pp. 48c/ stq. 
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values both before and after noon agreeing. This pointed to 
little yariation in the i^/Ard/ transparency of the atmosphere in 
clear weather, although the temperature and hygtometnc state 
varied considerably,' They then determined under similar 
conditions the dimuetU intensity for the chlorine-hydrogen 
actinometer of a portion of the sky at the zenith y^ of the 
total. Calling this w, it was found that the relation of w to 
the sun's altitude could be satisfactorily expressed by the 
equation — 

^ being the zenith distance as before. Since for one and 
the same light-seuree the optical and chemical intensities are 
[proportional, then the value of iv„ the chemical intensity of the 
total skylight, could be obtained by multiplying the values of 

.- by the corresponding value of w for the same altitude of the 
sun. The values of w, thus found, tbey expressed as a fiinc- 
tion of the sun's altitude by the series 

Wi = a + b cos ^ + ( cos" ^ 
The total effect over a given period of time of the difiiised 
light may be obtained by mt^ration of this fiinction for the 
given time interval f — f 

«■ JV ' 
the ai^ular time being expressed in radians, or by planimetry 
of the curves of diurnal variation. 



S 55- pHASiis OF Equal Illumination. 
A comparison of the equations and tables for the direct 
and diffused light repectively shows that for all [daces where 
the sun rises more than ai" above the horizon, the diffuied 

' Lalet L'xp«iiment9 on the laUl inteniiLy show that this Uktemeoi 
msM be coniderably modified. 
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daylight has plater chemical power than the direct sunlight 
from sunrise oniraid until the sun reaches a certain height, 
after which the Utter is more intense. The phases of equal 
chemical intensity, as Bunsen and Roacoe termed them, which 
occur twice daily, may be determined for a given zenith- 
distance ^ by equating the formula for the respective actions 
of the direct and diffuse light 

By means of this formula the chemical illumination due to 




B[ repteseots the varulioo of direct sanlighl. 

B, „ „ ,, diffused light. 

Fio. 23. 

the total unclouded skylight can be calculated for any geo- 
grai^ically determined place and time. 

Bunsen and Roscoe subsequently abandoned the hydrogen- 
chlorine actinometer in favour of the more adaptable " normal 
tone " silver chloride paper, and with this determined the 
daily variatimi of the total chemical intensity, Le. of the direct 
sunlight ^^skyl^ht, on a horizontal surface element. Roscoe 
further* perfected die method and carried out a series of 
determinations in 1863-1864, the mean diurnal chemical 
' Cf. A. Loik1«, VAcHttmHrit, p. 2ao. 
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illumination being obtained by planimetric integration of the 
curve. The unifonn action of light of intensity i during 
34 hours was taken as 1000, How much the chemical 
intensity may vary from day to day as the atmospheric 
conditions change is shown by the curves in Fig. 24. 

The mean intensity on June 10 was less than half that on 
June 33, the values being as 50*9 : 119 = i : 2-34. 

The sudden changes in intensity shown in this curve are 
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not necessarily produced by condensation visible to the eye, 
as they occur when the heavens remain cloudless. Roscoe 
attributed them to a fine precipitation, since his observations 
showed that a light mist, hardly noticeable to the eye, exercised 
a very great absorbing power on the chemically active rays. 
Simultaneous observations of the barometer and psychrometer 
show there is no simple relation between the chemical intensity 
and the vapour pressure. Vogel,' therefore, concludes that it 
is not water as gas but as droplets, not necessarily united as 
cloud, which has the greater influence on the chemical trans- 
parency of the atmosphere. 
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By means of the " normal " silver chloride paper actinometer 
Roscoe * made a comparison of the action of the total daylight 
and of the difiuse light alone. Clausius,' on the assumption 
that the scattering and diffusion of light was due not to reflec- 
tion from dust particles or air molecules, but from -water 
droplets, has calculated the relative optical intensities for 
different heights of the sun of the direct and difiiise radiation. 
Roscoe compared his results with these, and found that quite 
different relations held for the chemically active rays. Gene- 
rally he found — 

(a) That the influence of the atmosphere on the more 
refrangible and chemically active rays is regulated by laws 
quite different from those which would follow from the 
hypothesis of reflection by small water-diops. 

(b) The relation of the chemical intensity of direct sun- 
light to the difiiise skylight for a given height of the sun at 
different places is not constant, but varies with the transparency 
of the atmosphere. 

{c) This relation is quite different from that of the relative 
optical intensities; thus the atmosphere has an effect 17*4 
times as great on the chemically perceived rays' as on the 
visible ones for an altitude of the sun of 36° 16', and 26*4 
times as great, for an altitude of n" 3'. 

The relation of the integral chemical intensity of daylight 
to the altitude of the sun on clear days was found to be well 
represented by a linear equation of the form — 

W, = W. + A X amsfant 

where W, is the effect at an altitude a, 
andW. „ „ „ 0, 

except for when the sun was only a few d^rees above the 
horizon, since at that time opalescence due to dust had a very 
disturbing effect. Further measurements, both of the total 
daylight and of the difiiise light, were carried out by Roscoe and 

' Pffe- 'f""-! mt> 404- 

' /M., n, 161 ; and Bt, 449 (1&49). 

' Thai is, those which ftfiect alver chluridc paper (fiiilr p. 131V. 1 

T.r-c. ' It S " 
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T. E. Thorpe, on the weaC coast of FoitugaJ,* and caivful notice 
taken of the meteorological conditions. The ahore fonnula 
wu again found valid for clear da^s. The curve for direct 
sunlight alone cut the axis at io°, confirming Roscoe's previous 
datum, that the chemical action of the sun below io° is practi- 
cally nil. Taking from their table of mean results, the values 
for times equidistant from midday, we have the following 
table :— 
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The direct sunlight was obtained by difference between 
the values for the total and the diffuse light. These measure- J 
ments again illustrate the " phase of equal chemical intensity " I 
of the sun- and difliise light (p. 127). The calculated values for 
the total intensity were obtained by the formula — 

W. = W. + ^ X comUmt ' 

which was found valid for observations at Heidelberg, Kew 
and Para also, but with different values for the constant, which ' 
expresses the inclination of the straight line. This diffei^ice j 
was ascribed by Roscoe to a locally varying atmospheric ' 
opalescence. An extended series of observations with the 
" nonnal-tone " actinometer made by E. Stebbing' in 1874- 
187s at Petersburg, were chiefly directed to the study of ' 
weather conditions. The only actinometric research com- ' 
parable in extent with those of Bunsen and Roscoe, or of I 

' Pkit. Trant., 1870, p. 309 ; Pugg. Ann. {Ei^uunngt Bd.), V. 177. j 

* Zmtithr. d. ttUrr. Gti. /. AlttagrsU^, li, 43. 



RELATIONS OF ACTUAL LIGHT-SOURCES 131 

Others made by their methods, is that of Marchand,* 1869-1870, 
made at Fecamp, who employed an aqueous solution of feiric 
cblortde and oialic acid. In the actmometric arrangement 
to which he applied the fearsome polysyllable " photantitupi- 
meter,' ihe intensity was measured in terms of the volume 
of CO, evolved, reduced to o" and 760 mm. The total 
effect of the direct sunlight and the diffused light on a 
horizontal surface he expressed by the more or less empirical 
formula — 

W. + W^ = tf-S - bfr 
where h is the altitude of the sun. 

In all these investigationsj the intensity measured was that 
of the violet and ultra-violet part of the spectrum, though 
with fenic oxalate the action extends into the blue-violet. 
The all-important photo-chemicat synthesis in green plants 
is effected by quite a different part of the spectrum, corre- 
sponding in fact to the absorption-spectrum of the chloro- 
phyll, and it becomes very doubtful if the conclusions drawn 
from Bunsen and Roscoe's and other similar observations as 
to the photochemical " climate " ' can be profitably applied in 
this connection. The same may be said for photography by 
means of plates sensitive beyond the blue ; so-called artho- 
iso-, and panchromatic plates. From the optical measurements 
of H. C Vogel* and E. Kottgen" we know that the relative 
brightness of different parts of the spectrum varies considerably 
with atmospheric changes. J. Precht and E. Stenger* find 
with panchromatic plates a considerable variation in the 
relative actions of three divisions of the spectrum (blue X = 
410-490, green A = 505-580, orange X = 570-735), according 
to the time of the year, of the day and the atmospheric trans- 
parency, which may be expressed in general by saying that 

' O. MuchiDd, " ^luJetur la/ffftetkimipu eonlentitdans la lumiire 
dtt stlal" (Paiu, OuilUer-ViUan). 

' FroD) " antitopitt " = morenieDl of re&cdon. 

• Bit. Btri. Akad., tSSo, Soi. 

• »ritd. Ani,.,n, 793(1894)- 

• Z<U. wis,. Pkat.,t, aT (igoi). D,g„ .dt^Googlc 
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with decreasing total intensity of light the actions in the red 
and gieen fall off much more rapidly than that in the blue. 
All the more valuable, then, is the application made by 
Andresen' of Bunsen and Roscoe's "normal tone" actino- 
meter to the measurement of the chemical intensity of other 
r^ons of the sun's spectrum. Andresen uses silver bromide 
paper sensitized with difTerent dyes, amongst others chloro- 
phyll With this he has determined the absorption of direct 
sunlight for different parts of the spectrum, using the formula — 

W, = W. io"^# 
and obt^ned the following results : — 
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For direet sunlight the dependence of the chemical intensity 
a the sun's altitude and the barometric pressure is given by — 



W, = W, X 10 ">>* 

where ^ is the sun's zenittMlistance. The chemical iUumiita- 
tion of a korizeniai surface element may be expressed by — 
W, = rt cos" ^ + i cos^ ^ + ^ cos' ^ 
For diffuse daylight on clear days, the action of the 
■ M. Andteten, Eder's JtUri./. Phot., i!«99,p. 147. 
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illumination of a horizontal surface element was found to be 
representable by the function (p. 126) — 

Vif = a\ + bi cos ^ + fi cos' ^ 
according to Bunsen and Roscoe, £. Hertzspnmg ' finds for 
the decline in the illumination due to the diffuse light as the 
sun's height decreases — 



W. = action at midday, 
where W^ = action for zenith-distance ^ 

Finally, for the total chemical intensity on a horizontal 
element due both to the direct sun and the difiuse light, we 
get from Roscoe's work — 

{a) The normal chemical intensity of the total daylight is 
a function of the sun's height, the equation expressing the 
diurnal variation being a straight line — 

W» = W. + -* X constant. 

(b) The maximum is therefore at midday, the action equal 
at hours equidistant from noon. 

(r) The constants W„ and eonst. alter according to the 
place and time. 

Pemter ' in a comprehensive review of Bunsen and Roscoe's, 
also of Marchand's results, but especially of Roscoe's Porti^ese 
data,' concluded that whilst the equation (a) held satisfactorily 
before noon, afier noon deviations of a steady type might 
occur. Further, the maximum did not always fall at noon, 
being in some localities regularly advanced, in others retarded. 

However, the law of the meridional maximum has been con- 
finned by Wiener for Vienna, and Fr. Schwab' at Krems- 
miinden. Pemter concluded that the constants of the linear 
equation are actually functions of the hygrometric state of the 
atmosi^ere and every condition influencing its transparency, 

' Zat. will. Phat., 4, 109 (1906). 

' ZeitKhr, J. iilerr. Ga.f. AfiUorehgie, 1879, pp. 2101 rf«y. 
) PAH. Tram., lOB, 473 (rSyi). 

' On ihe pholochemkal clime of Kremsmiinden, Oettfrr. Cktm. Ztil., 
1903. P- 3*5- 
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whereby its general value is greatly lessened. The daily curves 
of chemical intensity seem just as Hltle susceptible of formula- 
tion by a simple function of the sun's altitude as those of 
temperature. The nearest approach is made by the linear 
lav, but it appears impossible to express in one equation the 
normal chemical intensity for every latitude at different times 
of the day and year. A critical analysis, which as far as I 
know has not yet been made, of data cominled since Pemter's 
review (1879} must decide whether this somewhat pessimistic 
conclusion is wholly justified. As tending to confinn the 
existence of regularities, though locally influenced, we may 
note that the law of [^ses of equivalent illumination was 
confirmed by Wiener at Vienna, by Schwab at Kremsmunden 
whilst L. Weber's ' observations at Kiel, extending over thirteen 
years, and H. Kong's at New Brandenburg,* point to the 
quality of the total daylight at noon (direct sun plui difiiise) 
being approximately independent of the time of year. 

As already pointed out, practically all this investigation is 
concerned only with the ultra-violet, and the variable and 
disturbing &ctor — apart from absolute clouds— is the variation 
of the transparency of the atmosphere for these rays. Now it 
appears quite possible that it is just for these shorter wave- 
lengths that the variation is a maximum, and that for other 
parts of the spectrum, also chemically effective,' that the 
variation is much less. The transparency to the ultra-violet 
appears to depend chiefly on the presence of condensed water 
particles. Condensation produced by the cooling due to ex- 
pansion occurs much more readily in nucleated air than in air 
free from nuclei. 

Aitken,^ whose work in this connection has been of funda- 
mental importance, consider that dust alone is sufficient to 
account for atmospheric condensation. On the other hand, 
Arrhenius" and Elster and Geitel° consider that nucleation 

' Schri/len d. Natur wist. Ver.f. Sehieraig-HeltUln, 10, ^^ (I903). 

* See A . Londe, V Actinomitrie, p. 1 53. 

' Practically up to 1000 ;i^. * Nature, 1900, 514. 

* Sv. Arrheniui, Mttetrat. Zat., tSSS, p. 297. 

* Elsler nrd Geitel, Wltn. Silt, ier., 101 [i], 703 (tSjal.iglc 
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hj ions plays an important ^le ; the latter are inclined to 
attribute the ionization chiefly to the discharge of n^ative 
electricity by ultra-violet light at the earth's surface, Arrhenius 
to the direct ionization of moist air by ultra-violet light 
Inasmuch as the nucleation of dust-free air by radiation 
is a definite fact,' and that the sun's radiation outside the 
atmosphere must be far richer in ultra-violet, his view has 
much to commend it. Such an action would bring about, as 
it were, an auto-catalysis of the absorption of ultra-violet light 
by the atmosphere. Another variable factor in this connection 
is the oione-content of the atmosphere, since the reaction 
lO, ^ 30t is afected by ultra-violet light {vide Chap. VI.). 
The important point is the probability of a Bpecilically greater 
variability in the Intensity of the ultra-violet region compared 
with other parts of the spectrum. It would be desirable to have 
extended actinometric measurements with Elster and Geitel's 
photo-electric photometer,' and also with actinometers based 
on Andresen's method. It may be that greater regulaiities will 
be found, justifying to some extent Bunsen and Roscoe's con- 
ception of the simplicity of the laws regulating the [^oto- 
ctwmical climate, although not solely for the radiation which 
they chiefly investigated. 

For a paper dealing with the rules to be observed in apply- 
ing actinometry to meteorolc^y, see J. Sebelier,' and on the 
application of actinographic tables for photographic purposes, 
compare J. Beck.* 

' Tbemtqecl ii of great imporluice for pholDcbanistTy, aod is deah 
with Uler; Me Chap. VI[. Cf. C. Barns, Ann. f*yai., [4I M, 115 
( 1907), for tecenl work on ihe qaestjoo. 

* J. ElMcr and E. Ceitel, Edet's JoArhuk, 1906, p. 39 ; see also 
Clwp.VII. 

* Edet'ii yaM., 1905, p. 351 ; CioH. Ztit., 1904, p. 413. 
' IbU., 1904, p. 156- 
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CHAPTER V 
the absorption of light 
§ 55. Definitions. 
The absorption of light by material media is necessarily 
described mathematically by relations — idiograms, one might 
term such generalized mnemonics — identical in form to those 
valid for the absorption of wave-motion in general by media 
of texture commensurable with the periods of the movement. 
This is of course following the assumption that light corre- 
sponds to a vibratory motion of the hypothetical aether of 
space. What principally afTecta and modifies the form of the 
mathematical functions expressing the constants of the absorp- 
tion is the complexity of the interrelation or correlation of the 
wave-length nith the amplitude and the form or shape-factor 
of the waves, seeing that in dealing with absorption — and, 
conversely, with emission, we have to malfccertain assumptions 
as to the interaction of the imponderable eether with ponderable 
matter. 

We may as a first approximation distinguish two principal 
types of vibratory or wave-motion in a homogeneous medium, 
the waves being supposed to start from and spread out about 
an assigned (arbitrary) origin ; these two types are distinguished 
according as the amplitude of the disturbance falls off diredly 
as the distance from the origin, or as some power of the 
distance — for example, the square. 

Vibrations for which the first condition holds are termed 
" transverse," because the to-and-fro movement or displacement 
of the particles or force-centres of the medium transmitting the 
disturbance are perpendicular to the principal direction of 
propagation of the head of force or velocity-potential of the 
change. A large number of the phenomena of interference 



THE ABSORPTION OF LIGHT 137 

and polarization agree with the assumptioti that in polarized 
light-rays of definite periodicity or oscillation-frequency we 
are dealiog with transverse vibrations of the Eether. On the 
other hand, the nature of white light is apparently insusceptible 
of explanation by any hypothesis of a regular and regularly 
recurring periodic or vibratory motion of the sther. As 
there appear to be many analogies in behaviour between white 
light on the one hand and X-rays, yS-rays, and y-rays on the 
other, and as the nature of the latter is still sub Judtce, the 
alternative pronouncements in favour of incoherent aether- 
pulses and a tjrpe of corpuscular radiation having up to the 
present about equal strength, we are left with white light as 
the sign of, or the actuality of, a transmutation of values which 
our present symbolic logic seems incompetent to tackle, — as 
though " das Unbeschreibtiche hier wird getan." ' 

Before proceeding to the mechanical and electrical concep- 
tions which have been conceived to afford a physical explana- 
tion of the phenomena of absorption and dispersion, and of 
which a brief account is given in a latter portion of this 
chapter, we shall deduce the formulae and expressions of 
principal value in recording numerical measures of the facts of 
absorption. 

Assuming that we are dealing with the propagation of 
spherical waves in a homogeneous medium, the oscillations 
being transverse to the direction of propagation, (hen the 

intensity « ^ at a distance d from the origin, or conversely, 
<K if, where a is the amplitude of the vibration. 

Then the absorption-coeflScient k is defined as the reci- 
procal of that thickness of the medium which reduces the 

amplitude of a vibration to - of its original value, that is, 

to a^\ if a be the original amplitude. 

^ce the inimsity is defined as a quantity equal to the 
mean square of the amplitude, the inJmsi/y on reduction 
becomes i/"^", when rf is the thickness traversed by the 
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vibration, and k is the spmju absorption^coefficient for that 
medium of that Tibration. 

But it is often desirable to measure in critical units, and 
since in very strong absorptions the thickness which reduces 
the intensity to zero value (extinction) is only a few wave- 
lengths, the extinction-index is defined in terms of the erifieal 
ordinate of that Itind of light employed, viz. its wave-length 
when measuTcd in vacuo. 

Hence we have a similar proposition to the Grst, The 

amplitude is reduced to iv * on traversing a thickness 
equivalent to A, the wave-length of the vibmtion in vacm. 

Hence similarly the intensity is reduced to i^ *■ for a thick- 

ness equivalent to X, or for any thickness ^ to v " ■ X " 
the reduced specific absorption-constant, or, as it is more briefly 

tenned, the eKtinction-index. If we put ^ * = ^-"^ (since 
these betoken an identical diminution of intensity), we see 
that— 

There is another reduced value possible, which involves the 
more problematical value /, the inner wave-length of the 
vibration in a substance supposed heterogeneous with that in 
which the vibration originates. As before, the amplitude is 

reduced for a depth dxo a^ ' . This x* is then equal to xf, 
where v is the index of refraction of the light betwixt the 
discontinuity of the medium. If c^ be the velocity of light 
in vacuo, and c its velocity in the second medium, then — 



Whilst for transparent substances in which no absorption 
occurs, V, the refractive-index, is independent of the angle of 
incidence of the ray, this ceases to be the case when there is 
absorption, which is always concomitant with a certain internal 
catastrophe and phase-change of the incident vibrations, 
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depending implicitly upon the angles of incidence of the rays. 
The foregoing definitions of the absorption-constants are 
expressly defined as valid for nomial or perpendicular incidence 
only. If we call the angle of refraction r (that is, the angle 
between the refracted ray and the normal to the surface), then 
this r is also the angle between planes of equal amplitude 
and planes of equal phase in the refracted beam,' and both 
\ and ■' depend upon r. Generally, xo snd vg, the values when 
? = o, are related to other values; by the conditions — 
v," - Xr = y* ~ V 

v*x* cos r = v„V 
and X Ai'l >"• ^^ extinction-index and the refractive-index, are 
the most important photochemical constants of any particular 
substance with regard to any speciRc vibration. 

§ 56. The Absorption of Light. 
In KirchhofTs law correlating emission and absorption, wc 
have a gross relation dealing with matter abstracted from all 
those specilic qualities which constitute the individuality of 
substances, the investigation of which is the peculiar province 
of chemistry. We have seen how little any chemically in- 
dividual suhstance ful6lB the definition of abbick body. And 
just as in reality there are no all-absorbing bodies, so there are 
no perfectly transparent substances. Whilst some, as the metals, 
even in very thin sections, are practically opaque to ordinary 
light, others, as glass, are very transparent fiut these terms 
are purely relative, since they depend upon the quality and 
wav^loigth of the radiation. Water, which is very transparent 
to the visible rays, and to the ultra-violet up to 300 />^ has a 
strong absorption for the long waves in the infra-red. Always 
more or less selective, the absorption of light is the prime 
factor in the creation of colour. Moreover, anticipating a 
later section, we may note its fundamental importance for 
photo-chemistry, in that cff/y /^ Sght whUk is a^soried is a^ive 
in producing comical change. This is usually known as Draper's 

' Cf. H, Kaysei, ITdhuch.d Spektrotkopu,^a\. v.. Art, " nispenion." 
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law,' but was first definitely formulated b; Grotthus in 1818.' 
Imbued as we are now with, the notions of conservation of 
mass and conservation of energy, there appears something 
axiomatic in this statement, yet in view of so-called " catalytic 
light actions" {^ide Chap. VII.), the proposition is not so self- 
evident as one might think. Although the converse — that all 
light which is absorbed gives rise to chemical action — is non- 
proven, the absorption-spectrum of a chemical system is in- 
timately connected with its photochemical behaviour. 

Bunsen and Roscoe' proposed the terms "achemic" and 
" diachemic " respectively to designate substances which absorb 
or transmit those shorter wave-lengths which are most chemi- 
cally active, but as in the case of " athermic " and " diathermic," 
the terms cannot be strictly defined. The j^rase " diactinc " 
is frequently used for substances transmitting photographically 
active light. 



§ 57. Quantitative Relations. 

It will be evident from the foregoing that these relations 
must be obtained for homogeneous or monochromatic light. 
If a ray of such light traverse an absorbing substance a certain 
proportion is absorbed. This fraction is independent of the 
original intensity, i^ the amount absorbed is proportional to 
the incident intensity (Lambert's law).* 

It is necessary to define the original intensity more closely. 
The intensity of the entering light is not equal to that which 
falls on the bounding surface of the absorbing substance, since 
a certain proportion is reflected. In the case of liquids and 
solutions in glass or other transparent vessels more than one 
reflecting surface intervenes, and the reflection has to be con- 
sidered in the illumination of photochemical systems. 

In the definitions of the constants of absorption which were 

■ Phil. Mag., I3] 19, I9S (1841). 

■ " The Chemical Aclion nf Light >nd Electricily," Ostvrald'.i Klasiiker, 
1M,94- 

• fl«r- -*"»■. IM. *3S ('8S5)- 

* J. H. Lambotl, Phelenitlria (1759) ; Ottwiild'i Klaiiiirr, 3S, p. 66. 



THE ABSORPTION OF LIGHT 141 

deduced in paragraph 55, the question as to the absolute values 
of the initial amplitudes — designated a^, tind the corresponding 
intensities, >«— was not posed or answered, but it was noted 
that they depended upon conditions of incidence at the boun- 
dary of heterogeneous media, as well as upon actual damping 
within one medium assumed to be homogeneous. The cal- 
culation for losses by reflection at surfaces is usually made 
with the help of Fresnel's law of reflection,' 

When a beam of light, considered initially as unpolariied, 
is reflected at a polished or lustrous surface, it becomes 
polarized' into two sets of vibrations polarized at right angles 
to each other, and for each of which the loss of intensity may 
be separately caJculated. 

Suppose I be the intensity of the non-polarized beam before 
transmission through the surface of a transparent medium, and, 
for the «ke of simplicity, let I = i. Then if 1^ and /, are the 
intensities of the rays polarized in and at right- angles to the 
plane of incidence, we have 

I = ,„ + /, = 1 
and i, = (', = 05 

Further, let % be the angle of incidence of the rays, 1^ the 
angle of refraction, so that 

sin f = f . sin ^, 
where v is the refractive index of the second medium compared 
to the first. If we further term T, the total intensity of the 
ray'bundle after refraction at the surface, and i'^ and /,, the 
intensities thereof parallel and perpendicular to the surface, 
supposed a plane, then, according to Fresnel's law — 

; _ ,-/, - ^(^- »n 

'" - A tan (* -t- ^)) 

'* "V tan (« -f-" *)/ 
and also 

I - , _ i/'^'i^ - *> + ^:^ (i-'t>)\ 

'Vtan* (S + "*) sinMfl + *) ' 

' Anii.iiecUiM.apAj"-'l*] 1'. P- 190(1821). 

' Cf. T. PtestoD, Timyt ^ Ugkl, p. a88 (and ed., iBos^^i 
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When plane-parallel surfaces of absorptioa-vessels, etc., 
are in use, it is usually the case that the lay-bundle is incident 
perpendicularly, in which case the angles & and i^ are identi* 
cally equal to zero. Hence, sines and tangents can be replaced 
by the corresponding angles, we have % = v^, and the expres- 
sion for the intensity subsequent to transmission through a 
surface takes the form 



■.-■-(^^/ 



When more than one surface has to be taken into account, 
the equations for the reduction of intensity by reSection 
become correspondingly complex. A frequently occurring 
case is that of a single glass plate with two surfaces, at which 
reflection and refraction occur before the ray penetrates the 
final medium. In this instance we have to take into considera- 
tion the multiple reflectioo of the ray within the plate between 
the two bounding surfaces. 

Let Che intensity of the ray penetrating the first surface be 
Ii. At the second surface the quantity (i — I,)I, is reflected, 
whilst Ii" is transmitted. The reflected rays on return to the 
first surface are again reflected, giving the intensity (i •- I,)'!,, 
and reach the second surface with the intensity (i — I])*!,'. 
This ray is twice reflected in the interior of the plate. The 
ray which has undergone fourfold reflection has on escape from 
the plate the intensity (i — Ii)'ii', and so on, so that for the 
total intensity of the ray-bundle emerging from the plane- 
parallet plate we have the expression — 

I, = 1/ + ir-(i - I.)= + I.=(i - 1,)', etc 

= !,._. . ' - _: l!_ 

'r-(i-I,)» a -I. 

If the quantity (i — I,) is very small, then I^ is very near 

to I,', otherwise the factor - _ cannot be neglected. 

The calculation must naturally be made for each of the ray- 
bundles polarized at right angles to each other, and the results 
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for both added together to obtain the total intensity or the 
transmitted light.^ 

The absorbing power A = -^-j — , where U is the light 

actually entering, I that transmitted. If the reflecting factor 
be borne in mind, it will be simpler to consider absorption 
apart from this, and term the incident light I,,. Lambert's 
law may be stated as — 

where T is a constat called the transfarenty. Transparencies 
, - That T is a 

constant for different values of I„ was proven experimentally 
for the ensemble of rays affecting the hydrogen-chlorine 
actinometer by Bunsen and Roscoe.^ 

Coeffioient« of Transmiuion and AbBorption. — It follows 
from Lambert's law that if the thickness of the absorbing 
medium increases in arithmetical progression, the light tians- 
mitted should decrease in geometrical progreiiion. Let I be 
the intensity of light traversing a layer dl, then — 

dl "^^ 
which gives on integration, if !„ be the original intensity, and d 
the total thickness, 

The constant £ is a constant depending upon the nature of 
the substance and d>e wave-length of the light. It has been 
variously termed the aisorfiion-consiant' the absorpiign-£0- 
effidtnt* and the absorption-index. The last term, recommended 
by Kayser, appears the most suitable. 

' Foi details as to the eiperitnenlal cooliimation of such refleclion- 
fonuulje with different glusei and tuifacei, lee G. and H. Knus, Kaiori- 
milrieut^ quantitative Spiktralanalyse,^^.iyi ft stq. (Hamburg, L. Voss). 

• Fogg. Ann., 101, 237 (18s:) i Otwald's Ktaisiker, M, 5. 

■ T. PreMon, Tkmyi>/Lighl,2TsAtiA., 1895, and $ 55, p. 136. 

< E. HigCD and H. Rubens, Dnui^i Ann., %, 431 (1903). 
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It will be seen that 

Writing ~* = ii,wehave again — 
I , 

r.= ° 

For the constant a a like variety of terms has been 
employed.* We shall follow Kayser's nocnenclature and call 
a. the transparency or IraHsmiision-eoeffieUytt? Finally we must 
note Bunsen and Roscoe's' extinction-ee^icUnt, which is the 
reciprocal of that thickness of the medium reducing the 
intensity to ^ of its original value. Calling this <,we have — 

I?=Ioio--' 

and «=,5log„j- 

the relation between < and k being that «~*=io-* or 
c = mk, where m = iag„ e, the modulus of natural logarithms. 
As Kayser has pointed out, a standard nomenclature for the 
derived quantities is much to be desired. Every worker on 
questions of absorption seems either to hare used the same 
terms with different meanings, or devised wholly new ones. 
Thus I is sometimes termed the Bunsen or deeadic extinction- 
coefficient, to distinguish it from the like named quantity 
of different significance in Cauchy's theory of metal optics, 
and which plays en important part in applications of the 

115 (1905): """1 R- 

' For the recipiocal quuilit/, - *, Ihe term irpacily, due lu Mutter and 
Driffield lyaurn. Six. Chtm. JuJ.), is Died in photographic technoioQ', 
and the value log 7 , corre^toodiiig to the eilinction-coeBicieot, is termed 
the JcHtity D (Scbwarzing, DklUigktU) with phot^rapbic negativei- 

' L«t. €il., p. 338 i Oslwald's KleiiiHer, •■, 6. 
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electromagnetic theory. However, as Rudorf ' remarks, it is 
easy to judge from the context which is intended. 



§ 58. The Effect of Concentration — Beer's Law, 

From rather inadequate experimental material A. Beer* 
deduced that the absorption is the same function of the con- 
centration of a dispersed ahsorbing substance as of the thick- 
ness of a single substance. Hence, if c be the concentration — 

I = I.a- 

Following Beer, Vierordt * introduced the term absorpHon- 

. , . . £ concentration 

'•'""' '" "■« 1"«°"l' . = extinctionH^>«i)ident> "»<* ^"'^^ 
be a constant if Beer's law hold. The lav has been the 
subject of much experiment, and in many cases confirmed, in 
others not* Roughly, the position as regards solutions is as 
follows: following Wolfgang Ostwald,' we may distinguish 
between molecular dispersoids (true solutions) and dispersoids 
of a lower degree of dispeision, so-called colloid solutions, 
An ohvious condition for the vatidity of the law is that no 
change takes place in the condition of the dispersed substance 
— the solute — on altering the concentration. In the first case, 
Beer's taw is assumed as correct for one molecular species, and 
the question is shifted to the conuderation of the cause of the 
deviation. To this we shall return when dealing with the 
absorption phenomena of solutions. In the second case — 
colloid solutions — it is probable that the law only holds at 
considerable dilutions ; not only does concentration favour 
flocking of the particles (the equivalent of the association of 
discrete molecules), but the scattered or internally reflected 

■ G. Rndoir, Ahntt's Sammlung, 9 (■ and 1), 1904, p. 15 ; yairi. d. 
EUktrM, S, 4^8 (1907). 

' A. Ben, Pagg. Ann., M, 78 (1S52). 

' K. Vierordl, Quaitlitativf Sp^ralanafytt, Tubingra, 1876. 

• Cf. H. Kajser, tx. eit., and G. RndoTf, Jairi. d. Ekktrm, lac. dU 
PP- 43S-443- ' 

' Grundriiid. Kolli-idchemit, Chl^J. I. (T. Sleinkopf. Hrcsden). 
T.P.U L 
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light is a variable and important factor. Collecting the various 
quantities, we have — 

Name, Symbol. Relation. 

Transparency (i) T T = j 

Trans misBion-coefficient a I = \^ 

Absorption-index k I = V'" 

Extinction-coefficient < I = loio;"*^ *^ 

Absorption-ratio A A = - 

or Molecutar extinction M M = 

coefficient * 

where lo = intensity enUring medium. 
I = intensity transmitted. 
e = base of natural logs. 
m = modulus to common logs. 
f = concentration in grams per litre. 
C = concentration in gm. mols. 
d = thickness in cms. 



g 59. The Representation of Absorption Spectra. 

Apart from graphic representation of the absorption as 
judged by the eye, and which is, of course, entirely unreliable 
for quantitative purposes, misleading even for qualitative ones, 
there are to he noted the following methods : — 

(a) Photc^raphic determination of the St/ii/s of absorption 

' In Ihe eleclromogneiic theory of light, for I = I^" put :* = ?^ 
where A is Ihe wave-lcngih of lighl in the given medium. If the Ihick- 

Dess </= A, we ha»e I = V * where x '^ Cauchy's extinttuH indtx 
or Dnide's absarpHnn-iiidtx (cf. Drude, Lthrbuch d, OfHk, 1900 
p. 333>- 
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for varying dilutions tilt complete transmission is reached.' 
The values of these limits, in terms of the otcitlation- 
frequencies, are plotted against the concentntions or the 
equivalent thicknesses. Baly' has suggested instead the 
le^rUkms of the concentrations. Such curves give a measure 
of the ptrmttnce of a given absorption band. They are 
termed by Hartley, " curves of molecular vibration," but it 
must be dearly undeTstood that the actual form and degree 
of absorption at any concentration is not expressed thereby, 
but the change over a range. 



Fig. 35. 

{b) Instead of photographing the absorption 
dilutions, the spectrograph may be taken through a wedge- 
shaped vessel containing the solution, say,' when the thickness 
will vary from zero at the apex to that of the base of the 
prism. The appearance of the photographed spectra will be 
clear from the figure (Fig. as). 

Jones and Uhler* state that "if the distances from the 
edge of a positive which is adjacent to the comparison 
spectrum (which edge therefore corresponds to zero depth in 
the cell), to arbitrary points on the boundary of a sharply 

' The method is fully docribed in E. C. C. Baly's Sptitroscopy, this 
seriei, p. 409. See also W, N, Harlley in Kaysci's HanMuch d. Sfrtlre' 
tkofiie. III. 

• Baly, he. eil., p. 414 [ Bily and Desch, Chtm. Sot. Tram., H, 1039 

■ An Alia) ef Aherflum Sftrtra, by C. E. K. Meet (Longmans, 
Green & Co., 1909). 

* AtUi of Aisarftian Sfatra. H. S. Uhlcr and R. W. Wood 
(Camegie Instilnte, WMhinglon, 1907). 
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defined absorption curve, be called ordinate!, and if ware* 
lengths be considered as abscisstt, we may say that the 
absorption-GOnstants associated with any tvo chosen wave* 
lengths are inveisely proportional to the ordinates belonging 
to these wave-lengths. This statement involves certain 
assumptions about emission curves and sensibility curves, a 
discussion of which will not be given here." As a matter of 
fact, the assumptions involved are, that the emission of the 
light source and the sensitiveness of the plate are such that 
light of every wave-length of the light free from absorption 
would have the same effect, a condition at the best only 
partially realizable. Undoubtedly, however, the method is 
the most rapid one for determining the general nature of an 
absorption band, and for quantitative work where a very high 
degree of accuracy is not required — as in many applications, 
etc, of photography — is ad hoc satisfactory. 

^) The third method consists in spectrophotometric 

measurement of the intensity quotient y- fo' ^ series of wave- 
lengths (with regard to which see Chap. II., p. 39), and 
calculation of one of the derived quantities \ it is generally 
most convenient to plot the (Bunsen) extinction-coefhcient. 

The graphic representation of the extinction as a function 
both of wave-length and concentration (or mass of absorbing 
substance) would obviously result in a surface, and it will 
probably become necessary to consider such surfaces in the 
future evolution of photo-chemistry.' 

§ 60. Character of Absorption, 

It is quite impossible to deal here in more than a cursory 
form with the varieties of absorption ; for a complete account 
the reader is referred to H. Kayser's Handbuch d. Spektreskepk, 
Parts III. and IV. 

But before dealing with some of the theories as to the 

' E^. in dealing with the separate eftects of intensity and lime on 
photocbemicaJ chance, cf. Stokes' use of a surface in representing tlie 
nature of flnorescence, Phil. Trans., [a] lU, 479 (185*). 
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mechantsm of light absorption, so important for photo- 
chemistry, it is necessary to glance at some of the Tacts. 

Metallic Absorption. — By metallic absorption is undcF- 
Stood complete extinction by a thiclcness of a few ware-lengths 
of light. For this reason, to simplify calculations, the absorp- 
tion constants are expressed in terms of the wave-lengths {vidt 
footnote, p. 146). In extremely thin layers they show, how- 
ever, selective absorption.' Not only the metals, but certain 
other substances, such as the aniline dyes, potassium perman- 
ganate, and in general, bodies showing surface colour, possess 
metallic absorption for certain spectral regions. 

State of Affgr^:ation. — Generally speaking, bodies in a 
gaseous state give a more characteristic spectrum than in the 
liquid or solid condition. The line and band absorption of 
certain gaseous elements and compounds have been carefully 
investigated.' A remarkable case of the persistence of certain 
absorption bands with changing condition is that of water, 
which shows the same absorption bands in the ultra-red in the 
gaseous, liquid, and solid coodidons, and conversely as 
emission bands in the glowing vapour.* ' The absorption 
spectrum of benzene vapour * is the same as that found for the 
liquid, save that in the latter the heads of the absorption-bands 
are shifted some 10 A. V. toward the red. Probably this is 
due to the same factor producing shift in solution (see later). 
The absorption spectra of osone have been studied by 
Angstidm' and Hartley,' and more recently, for higher con- 
centrations of ozone, by E. Ladenburg and £. Lehmann.' 

They find that with increased concentration, in addition to 
bands in the ultra-violet and infra-red, there is a considerable 
absorption in the red extending further into the visible 
spectrum as the concentration increases. At the same time 

' Cf. R. W. Wood, /'Ayjii'fl/0^/, p. 45o{"9Il^■ 
* Cf. E. C. C. Baly, Sftclmtvfy, p. 403. 
■ Paschen, Witd. Ann., 5S, 109 (iS^)- 

• L. Grebe, Zeil. ww. Plivl., Ill, 376 (1905). 

• Eder's Jakrb,, 1905. 

• Tram. C*m. Sk., «e, 57 (i88i). 

' J««. PAyt., [4] 81, 305 (J906). C.OOglc 
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Other bands in the invisible spectrum make their appearance. 
Liquid ozone gives a strong continuous spectrum in the led 
and ultra-violet, but probably no bands, certain evanescent 
strips being attributed to a h^her polymer of oxygen. 

Changes in die state of aggregation brought about by 
change of temperature may involve chemical change, when ve 
should expect a marked alteration in the spectrum. In the 
case of metals and bodies with metallic absorption, the degree 
of division has a marked influence on the absorption spectrum. 
This is very noticeable in the colloidal solutions of metals, such 
as gold, silver, etc., prepared according to Bredig's method,' 
and preparations of these in glass and gelatine.' The physical 
aggregation of the particles, themselves far above molecular 
dimensions, appears to be a principal factor, though not only 
the size but also the form and distribution of the secondary 
aggregates are of chief moment. Like phenomena are shown 
by certain of the aniline dyes.* Siedentopf has observed 
changes in the absorption of the vapours of the alkali metals, 
which are not correlated to any cliange in the molecular weight.' 

S 6i. Temperature. 
In dealing with solutions, the influenceijf temperature has 
to be carefully considered.' It appears probable that we 
can distinguish between, (n) a physicid alteration of the solvent 
or medium, and (^) chemical changes, such as association and 
dissociation. The influence on spectro^anatytical measurements 
has been studied by G. and H. Kruss,' who find that alterations 

■ F. Ehienhoft, I^mdis Ann., 11, 489 (1903) ; E. MUller, Ann. Phyt., 
Ul M, I (1907). 

■ F. KlrschiKT and R. Zsigmoody, DtiuUs Ann., IS, 573 (1904). 
» S. E. Sheppard, Proe. Roy. See., A. BS, 156 (1909).! 

* See aI«o Dudley. Ann. Cktm. Jaum., 14, 185 (1892). 

* In glauei and crysuli the effect of he«t hu been ilndied by ]. Konigs- 
berger aod R. A. Houiton. In didymium glass the Utter fonnd no shift 
of the maxima of absorption, bnt in both glasses and ciystals there may be 
rektive changes in the intensities. 

' Xaltrimttrit u. jtiaiitil. Speklralanalyu, 1S91, pp. 363-380. Tbey 
remark on the change of the optical constants of the apparatas wiib 
lemperalute and suggest a mean tvmpeialuie foi menturementi of ■7'S". 
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of temperabiTe always cause displacement of the maxima. 
Nichols and Spencer ' constructed isotherms for the absorptions 
for different wave-lengths of solutions of dyes, which are by 
no means congruent curves. Similar results were obtained for 
salt solutions by K Muller," especially of copper salts. The 
molecular extinction-coefficient was plotted as a function of 
the temperature, and the cfirves varied much for different 
wave-lengths. Generally, the greater the variation of M, the 
molecular extinction-coefficient, with concentration, the greater 
the curvature of the isotherms, but it was not possible to 
counterbalance the effects of temperature and dilution. 

§ 62. Solutions. 

The absorption spectra of solutions may be considered in 
reference to the following points : — 

A. The influence of the solvent when one and the same 
substance is dissolved in various solvents. 

B. The influence of cotuentration. 
C The influence of temperature. 

D. The posuble reciprocal influence of mixed solutes on 
each other's absorption. 

A. Tbe Influenee of Solvents. — A. Kundt,^ from observa* 
tions on solutions of dyes, stated that the absorption-maxima 
were dispUced to the red in proportion as the refractivity 
of the solvent increased. This relation which is known 
as Kundt's law or rule, is by no means confirmed in all 
cases. H. W. Vogel * found numerous exceptions, solvents of 
greater refractivity not always producing any shift in the 
absorption. F. Sterner* considered that the absorption- 
spectrum of a solution is only characteristic when the solute 
is present in its uldmate physical molecules, and that only for 
such solutions does Kundt's law hold, but he did not define 

' PAys. «rt>. (1895), », 3M. 
' Amn. Pkyt.. [4] M, 310 (1906) 

• A. Knndl, Pogg. Ann., 1871-71. 

* MvHetahr, Berl. Akad., 187S, p. 417. 

» Whd. Ann., M, 577 {1888). t loQt^lc 
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quite precisely what was to be understood by this ultimate 
physical molecule. G. J. Katz ' made an extended and care- 
ful spectro-photometric examination of a large number of dyes 
in different solvents, preparing the solutions directly. Katz 
found (a) solutions in which the bands remained unchanged in 
position, {b) solutions following Kundt's rule, (c) solutions, 
where one band was displaced, another not, (i^ cases where 
change of solvent produced new absorption bands. 

Kundt's law has been shown to hold for the cyanines,* 
the isocyanines,* ceitaiu triphenylmetbane dyes, and didymium 
. salts; a physical explanation based on the electron theory 
will be discussed later. Conditions for its fulfilment appear 
to be that change of solvent does not favour intramolecular ' 
change, or promote association among the solute molecules. 
Whilst some investigators have suggested that, chemically, an 
association of the solute with the solvent (solvate theory) is to 
be assumed as the cause of the phenomenon,* others regard the 
non-existence of any such association as a necessary condition. 

Evidence is accumulating at present which points to such 
a combination between solute and solvent being a necessary 
condition of solution itself, but whilst the formation of deter- 
minate combinations of fixed constitution would perhaps 
exclude the validity of Kundt's law, the same degree of 
" solvation " would have no such effect, so that we may, slightly 
modifying Stenger's criterion, state that Kundt's rule holds if 
the chemical aggregation of the absorbing molecules is the 
same in different solvents. It should be pointed out that 
many dyes form in water, possibly to some extent in other 
solvents, pseudo or colloid solutions possessing a very modified 
absorption spectrum.* The question of ionization is discussed 

' Inaug. Diisfrlai; ErUngcn, 1S98. 

< C. Pulfrich, Wild. Ann., 14, 177 (1S81). 

' S. E. Shef^Mrd, Trans. Ckcm. Set., U, 15 (1909}. 

< E. WiedemanD, iVUd. Ahh., tf, 177 (1889). 

• Cf, S. E, SheppMd, iae. eU., Proc. Ray. Sot., A. M, 856 (1909), and 
Wo. Ostmld, Kelloid-chimisckt BHkefU II., No. 11, 1911. Id the more 
recent modiScaliuns of the theory of soluliuns 1 reconciliation Iwtwecn the 
iunk nnd the hjdralc theses K;enis well under way. 
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in the next section. One may compare the influence of the 
solvent on absorption with that on the optical rotatory power 
of dissolved bodies. 

§ 63. Beer's Law and Concentkatiom. 

B. The Inflae&oe of Ooncentration.— The relation be- 
tween change of concentration and absorption is most im- 
portant in connection with solutions of electrolytes, generally 
in water. If ions and molecules possess different absorb- 
ing powers, then we must obviously expect considerable 
changes in the absorption or colour on dilution of con- 
ducting solutions. The question has been discussed very 
completely by G. Rudorf,' and Beer's law forms the storm- 
centre about which discussion has raged, just as Kundt's law 
does for the action of solvents. We may express this 
law in the form - = A, absorption-ratio, and A is a constant 
in the ideal case of a disperse system in which no change 
beyond that of the degree of dispersion occurs on dilution. 
Then, for electrolytic dissociation, the following conclusions 
may be drawn": — 

(d) If the absorption is due to ions alone, then the ratio A 
should decrease with increasing dilution. 

ib) If due to undissociated molecules, which give, on 
dilution, colourless ions, then the absorption-ratio A should 
increase on dilution. 

{c) For bodies which do not dissociate, the ratio will be 
constant (provided no other change, association, etc, occur). 

{i) If dissociadon be so far advanced that dilution has no 
further influence on it,' or if ion and molecule have the same 
absorption, the ratio will be constant. Hydrolytic dissociation 
is excluded. 

In spite of a considerable bulk of spectrophotometric 

> G. Rudolf, " Abaorption des Lichls in Liisnngen Tom SUndpukt der 
DiMCKutioDs-theorie," Ahrcn'i Samml., 9, 1904 1 "If Jakri. d. Elek- 
inmik, S, 423 {1907), viiit aUo H. KayEcr, l»e. cit., p. 148. 
' Rudorf, Jahrb. d. EUklrett., loc. til., p. 4I3. 

• Cf. J. W. Mellot, Chattkat Status nnd Dynamics, Ihb scrits, 
Chap. IX., p. 187. LI 
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work, reliable data for testing these conclusions are rather 
scanty. The measurements of Vierordt' and Kriiss* are not, 
as a rale, suited to its discussion. E. Muller' made a careful 
spectrophotometric investigation of solutions of copper salts, 
determining the degree of dissociation by conductivity measure- 
ments. The relation of the absorption to the dissociation may 
be expressed thus : Suppose C be the equivalent concentration, 
i.e. in gramme-molecules per c.c. of the solution, and 8 the 
d^ree of dissociation. The concentration of undissociated 
molecules is therefore (i -- 8)C, of the ions CB (cf. MeUor, 
ioc. cil.). If tubes of length d be supposed separately filled 
with these, then assuming Beer's law for each molecular species 
we have for a binary electrolyte — 

I. = Iio-"«-'>' 

I, = 1 IO-N,CW 

hence when all are present together — 

r = I lo - «"(■ - ') + CNi + N,)«]rf 
or if Na = N, 

then m = C{M(i - 8) + aNSJ 

m is the actual molecular extinction coefficient i^ide p. 146), 
whilst M may be termed the molecular extinction of the un- 
dissociated molecules, N of the ions. If M = N, U. ion and 
molecule have the same absorption. Beer's law is fulfilled. 
This was found to be the case for CuSO^. Hence the colour 
of the Cu" ion, probably bydrated, is the same as that of the 

CuSOi molecule. If this is not the case, j-= should be a linear 
function of the degree of dissociation 8. ITiis was not found 
for any of the copper salts examined ; whilst in very dilute 
solutions of CuSO„ CuCU CuNO,, Cu(CH,CO.O), the 
absorptions are identical,' in more concentrated there are 

' Vierotdt, Ik. HI., p, 144. 

* Loc.cit., p. 150, 

• Ahh. Phy,., [4] 81, S18 (1906). 

' B. E. Moore. Phyi. Zdl., SI, 321 (1906) ; E. WiiUei, Dmd^s Ann., 
U\ U, 76 {1903) ; P. VailUnt, Ann. Ckim. tt Phys., U, 813 (1903). 
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divei^ences. Copper chloride solutions become greenish, 
with increased absorption in the bine and violet, and this is 
attributed to the formation of complex ions such as CuCI/ and 
CuCI/', which probably exist in the solid hydrated salt A 
dual process of hydration and complex-ion formation appears 
to occur, so that we have in solution two mutually contra- 
distinctive classes of equilibria, one of which may be termed 
»mplex, or intrinsic, and consisting of adjustment of electro- 
chemical equilibrium within the fundamental crystal logenic 
units of the solution, the micdlae, as they may be advantageously 
termed, and in the adjustment of the individual equilibrium of 
each of which the components, in the sense of the Phase 
Rule, are probably to be considered proximately as molecular 
radicles, ultimately as the constituent chemical elements 
themselves, and, over a^inst those first named, extrinsic or 
complex equilibria, between the micellae or fundamental 
solution-units thus composed, and which, in an electric field, 
will exhibit a relatively free positive oi negative surface-charge, 
accordii^ to the inner chemical constitution of the units, and 
which units, according to the nature of their charge, will, in 
an electric field, be travelling through the residual neutral 
matrix engendered by the lecombinadon of micellae of opposite 
sign. This neutral matrix, being substantially identical with 
the region of iso-electiic strain in the system, may be con- 
sidered as in equilibrium with a limiting value of the elastic 
coherence of the system, hence involving the segregation of a 
solid crystalline phase. The nature ofa solution of a coppersalt 
in water, if considered as composed of a large number or group 
of such mifeliae, implies that the solvent, in this case, water, 
is distributed proportionately amongst the micellae according 
to the electro-stricdon exerted by the elemental constituents 
of the solute, and is partially indicated in the scheme sub- 
tended (p. 157). In this no account is taken of the side-issues 
of defectively solvated oxides and oxy-salts {eg. oxy-chlorides) 
evolved perhaps by accidental collisioo and mutual disorgani- 
zation of the cry stall ogenic units considered in the partial 
scheme, and which, occurring often as suspensions of particles 
in Brownian movement, are familiar to most chemists who 
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have worked with copper and other metal compounds, and 
vary immensely according to the nature and strength of the 
n^attve radicle. What is here implied is that in a solution 
or a copper salt in water at ordinary temperatures, the rela- 
tively free and independent electric vectors in the system, or, 
more truly, system of systems, are not elementary ions, but the 
miceilae or complex ions. To distinguish such current carriers 
in liquid solutions from those in gases and flames, where and 
when the viscosity conditions are remarkably different, it will 
perhaps be convenient simply to term them electro{^ores ; it 
is quite possible that the adjustments within the individual 
miceilae, as being within a relatively far smaller unit, are, con* 
comitant with the diminution of rixnge of action of the forces in- 
volved, much akin in nature to those actually obtaining in gases 
and flames in mass. Not only are solutions at ordinary tem- 
peratures more or less impregnated with a dissolved gas-phase, 
but, as the electric theories of the constitution of matter tend 
to teach, such a gas-phase is itself only the husk or shell en- 
shrouding the flame of the aether. But, for simplicity, we can 
regard the adjustments within the micellae as independent of 
the mass-movement of these last, although its concomitant 
resultant is necessarily allowed for on any theory of solution 
and electrolysis by considering that the specific mobilides and 
difTusivities of such electrophores will depend essentially both 
upon their chemical constitution and molecular weight, and 
upon the physical state of aggregadon of the group. In par- 
ticular, the mobility of a given electrophore wilt vary according 
to the electro-striction of the solvent — c^. water — within the 
micella — effected by the elemental couple forming its nucleus, 
though, physically speaking, it would probably be advantageous 
rather to consider this water-content as an elastic shell of 
density corresponding to the potential-difference, or electro- 
static force of the elementary couple, the solvent being re- 
sorbed as densely as this force is tensdy exerted, and the d^^ 
of its condensation indicated by the suffix-number proper to the 
circular brackets in the scheme appended (p. 157). The excess 
charge, a surface-charge, of electricity on a given micella, can 
then be considered in either of two ways. Primarijy, from 
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within the mUella, as the net surplus (positive or negative) of 
the electrochemical equilibrium conforming the micella as an 
independent unit svi generis of the solution, and thus, so to 
speak, electro-kinetic or voltaic in its origin, or as consequent 
with the elastic impact of the micellae, and as, considered 
momentarily, an electro-static charge iniluced by friction. The 
larger size and coarser grain of the miceliae, as compared with 
that of their component molecules and atoms, may be regarded 
as corresponding to their capacity to resonate principally to the 
longer waves of the infra-red, whereas resonance in the visible 
spectrum and for some distance beyond is effected inde- 
pendently of the miteiiae as such, but rather witHn these by 
the molecules, atoms, and electrons, the intrinsic nature of the 
responding systems regressing to finer and finer textural modi- 
fication as the wave-length of the exciting energy diminishes.' 
On the view briefly sketched here, colour, in the visible spectrum, 
probably results from processes independent of the electrolytic 
dissociation of the solution, processes internal to the solution- 
units considered as the carriers of the^current in electrolysis, 
and which, although perhaps not crystalline actually in a strict 
sense are potentially so, or crystal logenic. Each complex 
cation, for instance, carries concomitantly a tendency to 
accelerate condensation reactions, it is a catalyst, strictly 
speaking, in contradistinction to the antagonistic nature of a 
complex anion of opposite chaise. A considerable amount 
of confuuon of thought and misunderstanding is brought 
about in dealing with chemical dynamics by failure to reflect 
that acceleration of the velocity of one reaction in one sense 
is identically retardation of the velocity of another reaction 
in the inverse sense thereto. 

ScuRME OF So NOTION -Units of CuCl,.aq. 

Cations. Neutral. Anions. 

[Cii(H,0)J : . [CuCIJ- 

[Cua(H,0),]. ♦ [CaCWH,0)J 

rCuCWH,0),! 

I Some such cBHlinuing action or after aclion is evident in piios- 
phoreicence. 
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The stability of a neutral phase or eutectic such as 
[CuClE(HtO)f] is, of course, essentially depeadent upon 
conditions of temperature and pressure, but it may be con- 
sidered as functioning as a membrane semi-permeable to the 
electrophores. 

In the early days of the ionic theory, the coincidence of the 
colour of different dilute copper solutions was adduced as strong 
evidence in its favour. Similarly Ostwald ' showed that all the 
salts of permanganic acid had identical absorptions at great 
dilution, which has been confirmed quantitatively by Ewan.^ 
The same was found for the salts of rosaailin^. But later 
researches have shown ' that the permanganates follow Beer's 
law, consequently ion and molecules possess the same colour, 
and the absorption is indeptndent of ionisation. The case of 
salt solutions has recently been studied by A, Hantscb with 
various collaborators. For solutions of ptatinichlorides 
measurements were made in different solvents and at different 
concentrations, with Marten's modification of Konig's spectro- 
photometer. It was considered that the completely saturated 
complex PtCI, would be unaffected by the solvent. Equiva- • 
lent solutions of the shits and of the acid in the same solvent 
possess identical absorption. Solvents appear to act in 
accordance with Kundt's rule, and as with CuSOt. the molecular 
absorption is independent of ionization.' An investigation of 
solutions of chromic acid and the dichromates' showed that 
the absorptions of equivalent solutions of chromic acid and 
the dichromates are identical, and that Beer's law is followed 
to the lowest dilutions. The extinction-coefficients are also 
practically independent of temperature up to loo". The 
table shows values of the molecular extinction-coefficient M 
for certain wave-lengths for chromic acid and potassium 
bichromate — 

' Ztil. phys. Chtm., 9, 579 ( 1891). 
' /■*./. Affli-., [5] «,3<7 ("892). 

> P. Vaillant, Inc. cit.\ A. Hantsch and R. II. Clnrite, Zdt. Pkjt. 
Ci-'m.,e3, 373 (1908). 

■ i(fl-., 1«, 1216(1908). 

• Ztit. th'ik. Chem., «, 373 ("908). :, ,-.;,,, CoQt^lc 
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The chromates also follow Beer's law, but the absorption is 
quite distinct from that of the dichromates. 

Hantscb concludes that (a) salts, acids, or bases with 
complelely Eatuiated complexes are optically unchangeable 
whether ionized or not, no matter what the colourless cation 
or anion connected with them ; (i) unsaturated substances, 
such as anhydrous salts, which may become saturated by the 
addition of a definite number of water or ammonia molecules 
foiming a saturated coloured complex, change colour by the 
alteration, but further addition of the combining substance has 
no further effect, as, for example, in t 

CuSO,-*Cu[NH,],SO,. 

Summing up the position as regards ionization and absorption 
for the inorganic electrolytes considered, it may be said— 

Absorption is independent of ionization, and all changes 
of colour (deviations from Beer's law) on change of concen- 
tration are to be attributed to formation or dissodation 
of comjriexes, such as hydrates, inner combinations of the 
solute, as in copper and cobalt salts, or in general to valency 
changes.' 

If we turn to the many highly coloured organic bodies the 
conclusion is the same. Ostwald, in 1893, proposed an Ionic 
Theory of Indicators. According to this, indicators are weak 
acids (or bases) the anions (or cations) of which are differently 

' For similar lesalts with didfinium sails, viife G. Liveing, Ti-aiu, Camb. 
Pkil.Sa<.,\t.a^{\qoa). 

* For a general discussion of valencj in relation 10 molecalar com- 
pounds, see R. Abegg, Zritschr. amrg. Citm., 39, 330 (1904), and 
H. Friend, Valeney (Ihis series). 
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coloured from the undissociated acids (oi bases). But this 
unmitigated application of the ionic theory has met similar 
difficulties to those already reviewed, Fbenolphthal^n in 
the solid state is colourless, and also when dissolved in water, 
but the solid alkali salts are red, whereas we should, on the 
above theory, expect them to be colourless, like the acid.' 
The phenolphthalein complex must be in a different state 
in the free acid ^m that in the alkali salts. Hence it 
appears that alkalies bring about an intramolecular change, 
to which the colour is due, and ionization is only secon- 
dary.' The true acid is similarly coloured to the salts. 
Similar considerations apply to the case of violuric acid. By 
careful measurements, in conductivity water free from C0„ it 
could be shown that the absorption gave the same degree of 
dissociadon as the conductivity.' But violuric acid can exist 
in two tautomeric forms,* and both the conductivity and the 
absorption are a measure of the intramolecular chai^, the 
ionization being only a concomitant. The same result follows 
from Ewan's spectrophotometric determination of the dissocia- 
tion of dinitrophenol." Where this intramolecular change is 
so rapid as to evade perception, solutions of dyes follow 
Beer's law." 

These considerations, whilst militating against any purely 
" ionic" theory of light absorption, do not affect the validity 
of determinations of the " strength " of acids, bases, etc., by 



e of solid solution!:, however, makes Ihe supposition ihni 
even Ihe solid salts are pariiallji " ionitcd," a consequent part in the ionic 
theory ofcliemicnl change, 

' A. Green and King, Trans. Chem. Soe., S9, 518 {1906}. 

» F. <;. Donnan, Zeit. fJiyiii. CMem., IB, 465 (1896) j F. Wagner, 
itid., IS, 314 (1893} ; and Magnanini, Gau. Chim. ItaU, S6, 92 (1896). 

< Guinchard, Ber„ 8S, 1723 (1S99). 

• Proc. Roy. Sec., 87, 117 (1894). For tautomerism and intismolc- 
cnlai change in the nitrophenols, see A. Hantich, Bir., S8, 1089 
(1906). 

* Salts or para-roianiline, A. I*ftiijjer, Dmdr's AnH.,{aA ISi 430(1903); 
cyanine in alcohol, Palfrich, \Vi<d. Ann., 14, 177 {1S81); isoc]«nine in 
alcohol and chloroform; S. E. .Sheppanl, 7'rant. ChtHi. See., M, 16 
(.909). 
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coloiimetric or other methods based on light absorption.' 
Only in general, the dissociation-constants detennined contain 
implicitly a constant dependent on the tautomeric change, just 
as the thermo-dissociation constants of carbonic acid, ammonia, 
etc., contain an unknown hydration constant.* 

Examples of such relation are, for example, for a " pseudo- 
acid " — 

H.X:02:X.0.H;;tXO'+H' 
for an ammonium base — 

X.N + H»0 5t X,NH . OH ^ X',NH' + OH' 

and the equilibrium relations are correspondingly complex. 
For the calculation of the " true " ionization constants, see 
T. S. Moore ' in a recent paper. E. Baur ' points out that 
the fact that different substances, such as KMnO,, NaMnO^, 
HMnO,, and MnO/, possess the same spectrum, is difficult 
to account for, especially in view of the fact that with 
organic dyes, the replacement of one group by another 
in the molecule is followed by an alteration in the maximum 
of absorption of the radicle giving the colour. He suggests 
that we might speak in this case of optical isomorphism. 
But deviations of the spectral maxima in organic substances 
are sometimes very slight Hartley found in an investigation 
by the photographic method of the ultra-violet absorption 
band of the metallic nitrates * in aqueous solution that in 
the case of the nitrates of the heavy metals the band is 
modified in position, just as when heavy groups are introduced 
into an organic compound. 

Hartley concludes that ionized salts are not entirely 

■ Cf. Friedenlal, ZetUkr. BltktriK»iiii.,Vt, Il3{l!)04) ; Salessky, linf., 
303; Salm, ^^., p. 341; and ZeUiekr. phyi. Cktm.,ei, 89(1908) ; V. H. 
Veley, /"rowj. (7*^m. Joe,, M, 653, 1121: J. SliegUli, you™, ^m/r. Chrm. 
&*■.,», 1112(1903). 

• Cf. V. Zwiwidski, Btr., S6, 3325 (1903) ; «, 153 <i904). 
' Traiu. Cktwt. Sm., H, 1373, 1379 (1907)- 

< SpAtreika^ u. Kolerimdrie (J. A. Bartb, 1906), p. 70. 

* Trans. Cktmi. Sot., 81, 556 (1902), and t8, 211 (1903). 

T.P.C. C.tiitigic 
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separated, but that the molecule is so divided on ionization that 
the movements in the one part are influenced bf movements 
in the other, there being a state of " molecular strain." But 
before leaving the phenomenal and entering the region of 
mechanical and other theories of light absorption, it may be 
pointed out that in solutions of salts, the medium is not the 
pure solvent, but the solution, and if the absorption of an ionic 
or other component is modified in accordance with Kundt's law, 
then we might expect a shift in the absorption bands of salts 
with the cations of heavy metals owing to the increase in the 
refractivity of the mei^um. Hartley found that whilst the 
nitrates of the metals showed this characteristic absorption 
band, in the case of the fatty esters of nitric acid, e^. ethyl 
nitrate, there was no trace of it. From this it might be argued 
that the ionisation was per stA sufficient cause for the absorp- 
tion, contrary to the argument so far enforced. But there is 
good evidence on chemical grounds that the NO] group is in a 
different condition structurally in the esters, and in the metallic 
salts, and that it is in this difference and not in ionization alone 
that the origin of the band absorption must be sought. Or 
rather, both ionization and colour' are separate expressions 
of the same quality of the molecule. Ionization or capacity 
for electric conduction (without making any special hypothesis 
at this stage as to the nature of the ions) and chemical reactivity 
are known to be intimately related on other grounds, and it 
appears that the absorption of light, the conduction of electricity, 
and the chemical reactivity of a substance must all be referred 
to a common origin. But the capacity for reaction of a chemical 
individual is expressed conceptually by the structure or con- 
figuration of its molecule, and it is evident that we must next 
proceed to the connection of this with absorption of light 

C. IsSnesoe of Temperature on Solution. — The conclusions 
reached with regard to change of concentration may be trans- 
ferred to the action of heat. Where change of temperature 
brings about a chemical modification, changes in the absor[>- 
tion spectrum occur, but in chemically stable systems (such as 

' In (his nue, invisible colour, oi ultra-vioiel absorption. 
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the solutions of platintchloride, potassium bichromate, etc.), 
the alteiation is small or nil. Small changes may be referred 
to the change in refractivity of the medium.' Now we have 
seen that light is to be regarded as a periodic movement, and, 
as has been pointed out by W. Ostwald^ and R. Luther ' the 
absorption of light by substances implies the persistence in 
these of preformed periods synchronized to those of the light 
absorbed. In other words, a spatial discontinuity or corpus- 
cular arrangement in the substance, the discrete particles of 
which are capable of executing certain movements. The 
conclusion is the same, of course, as that on which the atomic 
and molecular theory are based. But if the absorption of 
light were dependent ultimately on integral, atomic or molecular 
tnovements, we should expect a steady and pronounced influ- 
ence of the temperature. The small temperature coefficient of 
light'absorption in chemically stiU)le systems points to the 
conclusion that the preformed periods are dependent on 
tntra-atoinic or inframolecular motions, that is, ui modem 
tenninology, the movement of electrons, a conclusion to which 
other lines of reasoning also lead. 

The following table, from measurements of G. Kriiss, 
gives an idea of the order of the shift produced by increase of 
temperature.* 

Position op Maximum in Solutions. 



Of 


Id 


b" ^'' ; 60° 


nof 

TO" 1 id' 


Amine . 
EMine . 
KHnO, . 

" 


IWMcr and) 
Ui»« KOHJ 

Alcohol : 

WM«r . . 


534a 536-1 1 — 

S36i - 1 ~ 
574'9 1 S70-0 1 — 
5509 55' 5 1 - 


- ! 538-4 
S37-a , — 
S76'5 t 576-8 
55»-9 1 5537 



I In spectroscopic ioTestigationB, possible changes in the optical con 

Its of the apparatus must be bome in mind. 

■ UhH. d. Allgem. Chtm.y Bd. V. 

* " Die Aiifipiben d. Pbotochemie," Ztit. mil. Phot., 8, 365 (1905). 

' Kelorimttru, etc., p. 363. , . 

C.ooglc 
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The displacemeQts are in both directions, and are of the 
same order as those produced by change of solvent \yidc 
p. 145). Inasmuch as the refractive index of a solution 
changes with the temperature,' the shift must be correlated in 
part to this. Obviously no conclusions as to change oiintensity 
of absorption for a ^vm wave-length are of value unless the 
whole absorption-curve is measured, whenever a displacement 
of this character occurs. 

D. MutiiRl Inflaenoe of Mixed Solutes on eaoh otlier'B 
Absorption. — If the substances do not interact to form a new 
combination, the l^ht-ab sorption of a mixed solution will be 
equal to the sums of the absorptions which the components 
would exert separately. This additive relation is used for the 
determination of dyes in each other's presence in soludon.' 
Thus let X be the unknown amount, a the known absorption- 
ratio of one substance in a spectral region ; further, y the 
unknown amount, and b the known absorption-ratio of the 
other body; finally, E the measured extinction-coeflident of 
the two substances for the same region. For a second spectral 
region, let E' be the extinction, c and d the absorption ratios, 
and X and,*- as before the quantities present. Then, assuming 
Beer's law — 

(EV - Ei) (Ert - E'f) 

ad — be '■' ad — be 

For determinations of purpurin and isopurpurin in each 
other's presence in this manner, see G. and H. Kriiss.' It 
must be remembered that in many cases dyes interact, and, 
especially with certain colloidal dyes, the absorption spectrum 
of the stable colloid complexes may differ considerably from 

' Cf. T. Preston, Thtory af Ught, 1895, p. 134. 

* Cf. also J. Bremer, " Einfluss d. TemperaiaT geHiTbtet Losangen 
auf die Absotptionsipeklradeiselben," Inaug, Ditttrl. Ertangen, 1890. 

* Spekirekelarimetrii, iSgi, p. 204. 
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that (Stained by summation of the separate solutions.' But 
apart from this, there has been noticed a peculiar displace- 
ment of absorption-maxima with pairs of dyes when chemical 
interaction is out of the question, which is known as Meldii 
phmomenm* The following description from FormanA' 
illustrates its nature. On mixing dilute solutions of methylene- 
blue and methyl-Tiolet 6B, and determining the prinopal 
maxima, it is found that the principal metbyt-violet band is 
displace! toward the red, from ^593*5 to A595'o. The dis- 
placement is greater the greater the proportion of methylene- 
blue to methyl-violet, whilst with defect of metbylene-blue 
the band is displaced in the opposite sense. According to 
Forman^k the same phenomenon takes place if the solutions 
are not mixed but placed in two cells behind each other. 
One suspects that an optical deception, due to contrast 
phenomena, produces this appearance, since in Forman&'s 
method the position of the maximum is determined by eye 
observation. P. Andr^ has shown * that when chemical inter- 
actions are excluded, the behaviour of summed absorptions is 
always purely additive. 

In the case of gases or vapours, absorptions are sometimes 
modified in a way which, from ignorance, we must describe as 
" catalytic." Thus R. W. Wood ° has noticed an influence on 
the absorption and fluorescence of mercury vapour, of the 
presence of air, nitrogen, and hydrogen, as well as chemicalljr 
active gases such as oxygen and sulphur dioxide. Similarly 
with anthracene vapour, but here nitrogen and hydrogen do 
not act In this connection the fact noted by Hartley,' that 
alcohol vapour inhibits the reversible, photocbemically influ- 
enced equilibrium of QHaO^ ^ C«Hi0.j -(- Hs in the gaseous 
state is of interest. 

• Cf. S. E. Sheppard, Proe. Ray. Set., A. «», asS (1909). 

' Melde, fi«r- ^""-i IM, 91 ; 1M> 164 : Schtuter, £er.. 11 (1878) ; 
G. Kiiist, Str.,U iii&i). 

' J. Formanek, Ztttschr. anal. Clutii., 1900, 434 ; 1901, 520. 

* " Ueber du MeMesche Phdnomen," Inaug. Dititrt. Boon, 1907. 

* Aitrtpkyi. feum., 98, 4 (1907). 

• twkt. CAM. j««,, H, 53 (1909). j^ t^ooglc 
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§ 64. Ionization and Absorption of Light. 

The exi^nation of colour and selective absorption of light 
by chemical systems by the term " ionization " has been some- 
what cavalierly treated in the foregoing paragraphs. But the 
fact is that at present the term " ionization " is used in such a 
host of conflicting senses, and is itself only a name for a multi- 
tude of phenomena suspected to be consequent on a single 
principle, viz. the distribution of electricity through matter, 
and which are more or less in need of explanation themselves, 
that it appears more discrete at present to indicate the 
undoubted correlation of colour to " ionization," in the sense 
of capacity for conduction of electridty, without committing 
ourselves to the view that ionization is the " cause " of colour, 
llie categories of Cause and Effect are somewhat demode at 
present — one uses them just as one still speaks of the sun 
rising — but if they are taken as indicating i : i correspondence 
in a time-spring, in a sensible interest-process in which they 
are at the grace of chance, mutually convertible, then it is 
hardly possible as yet perhaps to assign such an irreducible 
concomitance to colour and iooization. 

Hence, in the ensuing discussion of tautomerism, dynamic 
isomerism, and of stereo -chemical muta-rotationa of structure, 
the physiological aspects of vision and colour must not be 
forgotten. It is obviously possible to conceive a very clear 
and adequate vision of objects in which Colour, other than 
Black-white, should be entirely absent. In effect, an eye 
adapted to darkness, that is, actively prepared for penetrating 
and exploring twilight, tends to see after this fashion, half-tone 
or chia/ oicuro becomes the predominant factor of Form and 
Movement, and colour-differences are interpreted as nuances 
of grey. 

At present there is in the electron hypothesis the attempt 
at a theory correlating optical activity (capacity for polariza- 
tion of light), selective absorption, fluorescence, and structural 
isomerism of chemical units by the conception of certaui 
enduring muta-rotatory movements in the heart of the chemical 
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atom, and which movements persist peipetually, although 
quasi-periodically their velocity-poteatia), kinetic-potential, 
OF intensity of affinity, passes through absolute minima and 
absolute maxima. 

There are two possible hypotheses at least as to the 
relation of the atom of an element to its constituent electrons. 
In the one, following Faraday, we might suppose that each 
chemical element has but ona atom — this being the name given 
to the element's field of influence in space. And accordingly, 
the quantity usually denominated, "number of atoms of a 
certain element in a given molecule," would be actually the 
measure of a definite number of interpenetrations of one atom 
by another in a certain limited space of time. 

However, the alternate version to that which opened itself 
to Faraday's in»ght is more convenient to handle, namely, the 
conception of an indeterminate number of separate minute 
atoms of the same element, which " atoms " are now, on the 
electron theory, supposed to be constituted by the inter- 
penetrating spheres of influence or fields of force of a number 
of mobile electrons. 

In the phenomenon of modified absorption noted by 
Wood, it is very probable that an induced photo-chemical 
reaction is taking place. 

On the solvate theory of the absorption of light by 
inorganic salts in solution, see recent publications by H, C. 
Jones.' The widening of absorption bands on concentra- 
tion is attributed to the hydrates becoming simpler and the 
" absorbers " having freer vibrations. The conception is 
evidently that the molecule as a whole vibrates, absorbing over 
a wider range as its mass is lessened. For similar ideas as to 
the effect of pressure in vapour spectra, see Hartley,' who 
considers, however, that the diffusion of the bands is due to 
transference of the intramolecular energy to kinetic energy of 

' H. C. Joim and J. A. Aniknoci, CanugU PuiHeaiieH), No. no 
(1909) ; H. C. Jonei, on the ptesenl state of the solvate theory. Am. 
Chtm. yimm., U, 19 (1909). 

• Tram. Chtm. Sac., 9S, 52 (1909). 
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molecules. But, granted any particular vectors or carriers of 
Une absorptions (electrons), increase in the relative motion 
of these would, by Doppler effects, cause overlap. 



§ 65. Absorption and Constitution. 

We have seen that in general changes in absorption are 
correlated to chemical changes. It follows that chemical 
constitution or structure is determinative for the absorption, 
whilst conversely, conclusions from the light-absorption can 
be drawn as to the structure. Light-absorption is in this way 
a morphological characteristic of chemical species, and the 
connection is fully treated in another volume of this series.' 
We must, however, touch upon the main empirical and 
theoretical conclusions. Corresponding to a more advanced 
theory of constitution, it is among organic bodies that we find 
the connection furthest worked out, and it was here that the 
conviction first gained ground that selective absorption was 
dependent upon certain specific arrangements of the atoms in 
the molecule. O, N. Witt, in 1876,^ recc^ni^ed that colour (in 
Che physiological sense) was conditioned by certain groups or 
radicles, which he termed chromophores, a substance containing 
a chromophore being a (hromogeti. From investigations on 
ultra-violet absorption it was apparent that successive intro* 
duction of chromophore groups could shift the absorption into 
the visible spectrum, when the original chromogen was colour- 
less in the ordinary sense. Hence in the widest sense, 
chromogens are bodies possessing a banded absorption, in the 
ultra-violet or visible spectrum. It has been shown' that 
bands in the ultra-red are also related to the constitution of 
substances, yet there is a possibility that the valency relations 
involved here are of a different order. To this question we 

' S. Smiles, RtlatKia MvKtn CJumicai ConstitiitioH and PAyacal 
Prvpertiet. 

' Ber., >, saa (1876}. 

' W. de W. Abney, Pkil. 7Vans., 1T7, A. 457 (1886). W. Cob- 
leoU. 
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shall return later. Before instancing any speci&c chromophore 
gT0u{»ng8, we must note another term due to Witt.' Certain 
groups, not themselves ehremopkores, when introduced into a 
molecule already containing a chromophore, may shift the 
absorption band. This second class of radicles Witt termed 
attxockrofnes. If the absorption is shifted toward the shorter 
wave-lengths, the action is termed hyfisoehromU, since the colour 
is lightened. If toward the red or longer wave-lengths, 
baihotkremU, since the colour is deepened, atid groups bringing 
about the respective changes are termed hypsockremes or 
tathochromes? As hypsochromic action is rare, the general 
effect of increase of molecular weight is to deepen the colour.' 
In this terminology, the action of solvents in Kundt's rule is 
bathochromic, likewise the acUon of heavy metal cations on 
the ultra-violet absorption-bands of the nitrate ion {vide p. 163). 



§ 66. Chrouofhores and Auxochroues. 

Regarding the benzene C|Hg ring as itself a chromogen, 
specific examples of chromophore groupings are the nitio- 
group NOs, especially when repeated as in diniirobenzene, or 
supported by hydioxyl OH in the nitrophenols ; the azo-group 
— N^N^, which is the cause of colour in the azo-dyes. 
These pass into colourless bodies (hydrazo-compounds) on 
reduction. Again, definite bands have been found by Baly 
ai>d Desch ' in the ultra-violet absorption- spectrum of inorganic 
and aliphatic bodies containing the — NOj group. 

Further, the keto-carbonyl group =C=0, especially 
when doubled as in benzil — QH^CO.CO.CtHj — is an efficient 
chromoi^ore. The first auxochromes recognized were the 
hydroxy! group — OH, and the amido group — NH, Their 
action is particularly evident when the chromogen into which 
they are introduced is either colourless to the eye or very 

' Bit., si, 335 (1888). 

' M. SchaUe, ZtiUckr. pkys. Cliim., 9, ill {1891). 

' NieCiki, OrganiitAt Farbttafft, 1904. 

■ Tram. Ckem. Av., M. 1747 (1908). CIoOqIc 
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slightly coloured. Thus benzo-phenone is colourless, ortho- 
amino-benzo-phenone, a stroi^ yellow. The — NH^ group 
generally possesses a more powerful acdon than the ~-0H group. 
Thus p.-ni Irani lin is deep yellow, p.-nitro-phenoi nearly colour- 
less. The arbitrary value assigned to visible coloration must 
be borne in mind, however. Subsidiary auxochromes are the 
substituted alkyl-amido, as — NHCH, and alkyl-oxy groups. 
It is significant that auxochromic action of the group N(CHj), 
can be neutralized by making the nitrogen quinquevalent, eidier 
by unitii^ it with an acid or by union with an alkyl-halide. 

The chromophore and auxochrome theory of colour has 
undergone a modification in recent years by which it has lost 
its original e«sentially static significance, and to which we may 
pass by way of the so-called quinonoid theory of colour. With 
the evolution of the chemistry of dye-stuffs ' it was found that 
a large number of dye-stuffs could he assigned a quinonoid 
structure, and the view was expressed, of which H. E. 
Armstrong ' was the chief protagonist, that such a structure, as 
essentially present in ortho- or paro quinone, is the prime 
cause of colour. A principal cause of much confusion and 
delay in arrivii^ at a unitary conception of the relation of 
light-absorption to chemical constitution has been the arbitrary 
limitation of the argument to the visible spectrum. Thus 
benzene, as already stated, has a well-defined series of bands 
in the ultra-violet. Adverse to the quinonoid theory was the 
discovery of visibly-coloured hydrocarbons such as the yellow 
acenaphthylene — 



00 



C.H/ 



the red di-HpheHylate-^hylme} Another class of coloured 
hydrocarbons was discovered by Thiele,* and termed, on 

' Cf. R. Nietdd, Chtmitd.organ.Farbilofftnffi(^\a,\v:if>), pp. 21-S7. 
' Ber., %, 950 (1876), and in many subscquenl publications. 
' C, Graelw, Bir., 16, 3354 (1893). 
* .S(r.,3>, 666(1900). 
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account of theii iotense coloration, the fulvems. 
methyl-phett/t-falveHe — 



CH : CH^ ^ ^ /CH. 
CH : CH/ 



I >c=c/ 



and also bodies not containing a benzene ring, as dimeihyl- 
fulvene — 

CH=CH. *"" 



I >C=C< , a yellow c 

''H=CH/ ^ — 



CH=CH'' ^CH, 

Common to all these u the ethenoid linking — C=C — , which 
must therefore be pronounced an efficient chromophore. A 
further difficulty for an exclusively quinonoid theory of colour 
is famished by such open chain aliphatic bodies as the a- 
dikaonts, e.g. dt-au^l, CH^CO.CO.CH,. 

If the chromophore grouping found in the aliphatic sub- 
stances and the fulvenes are assembled,' giving— 

O O O 

II II II 11 

— C— C— , >C=CH— C— , >C=CH— C— CH=C< 

and — C=C — repeated, it will be seen that common to them 
all is the repeaUd eaurrmce of double Unkings. This alone is 
not sufficient for visible colour, but a further condition is that 
the linkages be closely massed together in the molecule. 
Writing the ortho- and para-benzoquinones in the form — 



HC- \CH 


HC/^^C^° 


II II f" 


II 1 orO, 


HC^^/CH 


HC CH 


II 


CH 



■ Cf. R. Holler and U. v. Kw.lanccki, Ber., WO, 1947 (1897]. 
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it will be seen that they exhibit a pronounced instance of the 
foregoing deduction. In agreement with the nile that all 
chromophore groups contain double bonds is the fact that 
coloured bodies pass on reduction into colourless. 

But even when restricted to aromatic bodies and to the 
case of risible colour, the quinonoid theory met with difficulties. 
It was necessaiy to support it by the idea of atomic re- 
arrangement in the molecule, leading to formulee capable of 
quinonoid representation. The quinonoid formula assigned by 
Armstrong' to dioxyterepbtbalic acid ester was disputed by 
V. Baeyer,' who considered this to be a true benzene derivative. 
Armstrong considered that when a colourless benzene deri- 
vative gave, on change of state of aggregation or on salt forma- 
tion, a colourless form, that the benzene ring passed into the 
quinonoid ring by isodynamic change. Like the quinonoid 
theory itself, this hypothesis has proved extremely fruitful, nor 
has its scope been limited to benzene derivatives only. Thus, 
in the puiine group,^ solid violuru add has a feeble yellow 
tint, its solution in alcohol is colourless, but in water, free 
from NH„ it possesses a colour varying from reddish to blue- 
violet, whilst the salts are strongly coloured. Hartley obtained 
by means of specially purified water quite colourless solutions 
which become coloured with alkali, which is due to an iso- 
dynamic change in part of the molecule — 

— C ; N.OH — C : N 

I ^11 

— C : O — C— O 

1 

OK 
iinininuketone. colonied wit. 

Hantsch * has generalized such changes as follows : if a colour- 
less hydrogen compound, which is soluble in water, manifest 

' Pmt. Chim. Soc. (iSgl), 103, 143, 189, 194. 
' Ann. d. CJktwdt, SU, 189 (1S80). 

' Cr. W.N.Harlley, 7>fl«x. CAr«. i'w., 87, 1796(1905); J. Guinclwid, 
i(^r.,Sa, 1713(1899). 
■ i'^-., M,57S(i899). 
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coloured ions and alkali salts, the substance is a pseudo-acid, 
which on salt formation gives derivatives of the true (unstable) 
acid fomi. In a similar manner, pseudo-bases may exist 
colourless, but giving coloured salts with acids.' This con- 
ception of the nature of the change from a colourless to a 
coloured condition has been applied by Hantsch to various 
spedfic problems of structure in organic chemistry, as, for 
example, with regard to the triphenylmethane dyes,' and also 
the nitrophenols,' for which the following transmutation is 
conceived — 

,OH y.O y.O 

colourless. coloured. lonued. 

Hantsch's theory has been disputed by Kaufmann/ who 
argues from the auxochrome theory that the formation of 
coloured from colourless bodies on salt formation does not 
necessarily imply a change of structure, in that salt formation 
may simply shift a band in the ultra-violet into the visible 
spectnun. 

The issue between the chromophore mm auxochrome 
theory and Haolsch's idea of a definite change of structure as 
the cause of visible colour can be decided in most cases by 
appeal to the spectrograph. In certain cases it is obscured by 
quibbles as to whether a particular solution is visibly coloured 
or not/ here it should be remembered that Spring has 
shown' that many so-called colourless liquids show a tint 
when viewed in sufficient depth. Kaufmann's main con- 
tention, that the introduction of certain groups can push an 

' On pseudo^acids, «ce H. Euler, Btr., », 1607 (1906), and A . Hnnlsch. 

' Ber,, n, 378(1900). 
' Ibid., SB, 1073, 10S4 (1906). 
' Ibid.. M, i9S9{i9o6). 

» Cf. Annual Rrperti an tki Pr^gras ^ Chemistiy, Ckrm. Sx., 1907. 
Set. Organic Cktmiitry, p. I47> 

• Arch. d. sc.phys. et nat., [4] ■. ^°l- 
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ultra-violet band over the colout-thTeshold, is ^ priori in- 
disputable. Many cases of the shifting of a band toward the 
red end of the spectrum have been given by Hartley, the 
shift being greater the higher the molecular weight of the group 
introduced. The effect of chlorine subititution into the 
pyridine molecule will serve to exemplify this. Baker and 
Baly ' give for the oscillation-frequencies of the heads of the 
abBorption bands of three chlorinated pyridines the following 
values : — 

Trichloropyridine 3650 

Tetrachloropyridine .... 3500 
Fentachloropyridine .... 3400 

As a criterion, we may assume that simple displacement of 
a band does not involve a change of structure in the ordinary 
sense. An essential change of structure correlated to band 
absorption would involve the production of a new band. 

None the less, Hantsch has demonstrated the elasticity of 
his theory in many specific instances. With regard to the 
two chief auxochromes, — NHgand — OH, the inclusion of 
these in the molecule so increases the possible graphic 
formulae that can be written for it, that the difference 
between the two views does not amount to much. The 
difference is largely one of point of view. On Hantsch's 
theory, colour is a function of certain structures in the mole- 
cule, considered as wholes, and the view may be described as 
unitary. Kaufmann's is so far dualistic that a polential colour 
structure is developed by the presence of auxochromes. The 
mere shifting of absorption bands by substitution does not 
necessitate any dualistic conception,* but the two prime auxo- 
chromes, — NHj and — OH, lead to far-reaching modifications 
in the chemical behaviour of the molecule. So that Kauf- 
mann's theory of auxochromes becomes largely a special 
analysis of the general physico-chemical properties of the 
amine — NH, and the hydroxyl —OH group. That no 
absolute contrast of function can be assigned to auxochrome 

' Chtm. Soe. Trans. 

' Such u developed by J. Schniedlin, C.R., 189, 872 (1904). 
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and cbromophore is allowed by Kaufmanii himself,' For a 
complete exposition cX. K&ufnunn's views, bis monograph on 
the auxochromes^ should be consulted. Actually the unitaiy 
Etracture view of Hantsch (comprehending the notion of intra- 
molecular reamngemeDt and the quinonoid theory) and the 
theory of Kaufmann are tending to merge. This synthesis is 
being brought about by the counterpoising of static conceptions 
by kinetic ones, by the recognition of the essentially dynamic 
nature of light-absorption, and of the protean character of the 
absorbing molecule.* 

§ 67. CaEUlCO-DYNAMIC THEORIES. 

The theories touched upon in the forgoing are essentially 
sUtic and fonnal. Certain configurations are found to be 
associated with colour, or more generally, with selective 
absorption, but no explanation as to how this is brought about 
is involved. The relation of isodynamic change to colour 
involved in the theories of Hantsch and Armstrong is only 
that of an unspecified path leading from the uncolouied to the 
coloured form. But the constant connection of isodynamic 
change or dynamic isomerism* with colour — it may be said 

I Dit AtiMeXreme, p. Zl. 

' Dit Auxatirvmt, AKrtni Sammlang, XII., 190J. 

* The leUition of ibiorplion, reactivity, etc., to chentictl slractuic, 
U dealt with more fully in Dr. Smiles' Phjriual PrBftrtta and Chemital 
Coiutiaaian, tbi« tnies. 

' DTnuntc iiamerism ii the most general term (lecating the condition 
ofsnbilances to which from their retctioos mote than one graphic rormnla 
cmn be assigned, ij. they behave now accordiog to one, now according to 
another. In lolnlion the equivalent Torms are believed to exist in eqoi- 
Kbcinm, transition being readily inHaenced by solvents, catalyUs, etc. 
The term " tautooMriini " is often used in the same sense, but was bistori- 
calljr applied (van I^ai) to the enot-ket« eqaivalencc — 
— C.OH — C=0 
-CH *" -CH, 
in which the wandering of a hydrogen atom it involved. The term 
" dennotropy " (Jacobaen) is also ued for tailomcry. Cf. T. M- Lowry, 
p. A. RefOTt fH Djmamie Iiemeritm, 1904 
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that no organic substance shows an absorption band unless a 
possibility of a tautoraerism exists within the molecule — im- 
poses the conviclion that the connection is causal, as was 
suggested by Lowiy.' That emissum of light as manifest in the 
fluorescence of organic substances is due to tautomerism, was 
suggested by J, T. Hewitt.' Thus the fluorescence of aciidine 
was attributed to internal vibrations in the molecule con- 
ditioned by symmetric double tautomerism, the molecules 
oscillating between the extreme positions schematically indi- 
cated as follows ; — 
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That some kind of molecular vibration was responsible 
for selective absorption was fully reci^nized by Hartley and 
other workers in the field of absorption spectra, but the nature 
of the vibrations was not precisely conceived. In 1904, Baly 
and Desch ' investigated by Hartley's method (vide p. 147) the 
ultra-violet absorption of ethyl acetoacetate and acetyl acetone, 
both tautomeric bodies containing a labile hydrogen atom, and 
of their metallic derivatives. It was found that ruitAtr of the 
possible modifications when in a pure state gave an absorption 
band, but that when the two are present in equilibrium with 
one another, a very decided band is developed. Further, it 
was found that the oscillation-frequency of the light-waves 
absorbed is nearly the same for all the substances examined, 
whether those containing a hydrogen, glucinum, sodium, or 
even a thorium atom, in the so-called labile condition. In a 
subsequent paper' these results were confirmed for a large 
number of other enol-keto tautomerides and their metallic 
derivatives. The writers point out that some vibration or free 

' Zw. cil., B. A. Report oh Dynamic Isomerism, 1904. 
' Ztit.fkys. CAinB.,S4, 1 (1900). 
' Trant. Chem. See,, 15, loig (1904). 

■ liiH.M, 766(1905). 

D:,-:c.Jt, Google 
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period, synchronous with that of the light-waves absorbed, must 
exist ID the system, and that this must be conditioned by the 
tautomeric process itself. It cannot, however, be a vibration 
of the labile atom, for not only does the frequency of the band 
bear little relation to the mass of the mobile atom, but it is 
itself of a different order, of far greater frequency than that of 
the motions usually attributed to atoms. They attribute it, 
therefore, to the change of linking expressed in the equation — 

— CH,.CO— ^— CH ; C(OH)— 
During the wandering of the hydrogen atom we may conceive 
of an intermediate transition phase — 
— CH.C— 



Hi 



during the momentary existence of which the two carbon 
atoms and the oxygen atom are actually changing their 
valency-condition or linking, and they assign the absorption 
band to this transition. 

A physical meaning to this change of valency is obtained 
by consideration of the electron theory. On this theory each 
atom is a system of small corpuscles or electrons, in continual 
motion round a common centre, and the emission spectra of 
gases are conceived as due to vibrational disturbances of these 
systems of electrons. We shall return to the consideration of 
this conception in greater detail later. The electrons are 
elementary electrical quantities, whereof we shall assume for 
the nonce that only one kind, negative electrons, exist.' 
Chemical affinity may be conceived as due to electric attract 
tion, to which a mechanical meaning may be attached by 
assuming Faraday tubes of force between the atoms, each tube 
representing the line of passage of one election from one atom 
to another, and at the same time, the chemist's single bond.' 
A rearrangement of these tubes or Unkings will cause a dis- 
turbance in the vibrations of the systems of electrons, whereby 

' Cf. p. 166, and Sir W. Raiii5,-iy, Elcelran lu an MUnunI, Tratu. 
Ckm. 50<r.,M, 778(1908). 

' llaly anil De«cb, TVuhj. Cicw..i«i-.,M, 768 {1903). / ^ ,^,1 
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light of correlated period will be absorbed in accordanoe with 
the theory of resonance dealt with later. 

Without further specializing the electronic conception of 
valency, we will condder some further consequences and 
developments of Bgly's theory. Assuming the band to be 
due to the tautomeric process, then the degree of absorption or 
persistence of the band will be a measure of the number of 
molecules in the transition or oscillating state at any moment. 
Further, the oscillation-frequency of the band for the same 
type of valency -change will be the same approximately, what- 
ever the molecule in which it takes place, but we may expect 
an increase ia the mass of the molecule to damp the vibrations, 
i.e. lessen the frequency of the band and so shift it toward 
the red, for the period of the vibration of the electrons will 
depend upon the mass of matter in their immediate neighbour- 
hood. In this way the balhochromU inSuence of substituents 
{vide p. i68) is physically explainable. In conjunction with 
various collaborators, Baly has extended the application of this 
conception to other cases of ultra-violet (and implicitly) risible 
absorption bands. Thus the Idea of a "nascent" carbonyl 
group implied in the transition phase of the enol-keto trans- 
mutation — 

— C=CH — CH.C— — C— CH, 

I ;* I ;i II 

OH HO O 

is used to explain the absorption and reaction properties of 
bodies containing carbonyl groups, but not undergoing tauto- 
merism in the sense of the wandering of a hydrogen atom,' 
such as ethyl pyruvate, for example, which may be supposed 
to be, during absorption, oscillating before the fonns^ 

CH^C— CO.Et. CH,.C : CO.Et 

I ^ 

Baly and Stewart point out that it is difficult to represent such 

> E. C. C. Baly and A. W. Stewart, 7>wm. CHem. Sac., 89, 4S9, 503, 
514(1906). 
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processes hy the usiul structural fonnuU which only indicates 
a static condition of the molecule, whereas the process of 
diathesis considered is essentially kinetic. For such an 
oscillation between the residual affinities of contiguous atoms 
they propose the term isorropesis. 

The yellow colour (due to a band in the violet) of the 
a-diketones and of the quinones is attributed to isorropesis 
between the residual affinities of the oxygen atoms. It is 
pointed out that the assumption that two compounds must be 
fiindamentally different in constitution if one is coloured, the 
other not, is not trustworthy. For, as will be shown directly, 
on this view colour (or absorption) is an evidence of the 
dynamic state of the molecule, and the disturbing influence 
necessary to start the oscillation between residual affinities 
may be lacking. 

Each type of isorropesis (or potential tautomerism ') is 
correlated to its own absorption band. Thus the isorropesis 
of the oxygen atoms of the quinones fiirnishes one absorption 
band, whilst in the case of the nitroanilines and the nitro- 
t^enols it is shown* that oscillation between two nitrogen 
atoms in the one case and an oxygen and nitrogen atom in the 
other may be assumed to explain the colour. 

It is outside our province to discuss particular applications 
of the isorropesis theory to problems in constitution and 
reaction chemistry. For this the reader is referred to the 
aumeious papers of Baly and his collaborators in the Trans- 
actiotit sfihe Chemical Soddy, 1905 et seq., and to the volume 
on Fhyskat Properties and Chemical Constitution in this series 
by Dr, S, Smiles. The dynamical theory of the chemical 
molecule is, however, of such vital importance for photo- 
diemistry that we must consider it in relation to three 
problems, viz. the constitution of the benzene molecule, the 
nature of ionization and chemical reactivity, and to so-called 
photochemical extinction. 

* The taalomeTum U aclaal in the case where a labile hydrogen atom 

* Baly ud SlewMl, lee. cit., p. $14. 
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. Thk Benzene Molecule. 



Apart Trom its general chemical importance, benzene and 
benzene derivatives figure largely in ' the Ust of photo- 
chemically important substances. Benzene shows in solution 
or as vapour seven absorption hands in the ultra-violeL* Baly 
and Collie account for these by the assumption that the benzene 
molecule is in a state of pulsation or vibration, there being a 
continuous rearrangement of the linkages betveen the carbon 
atoms. Applying the idea of isorropesis as invented for the 
aliphatic tautomerides, and assuming that an even number of 
carbon atoms is concerned in each individual process, we can 
differentiate between the transition phases in which any two, 
four, or all six of the carbon atoms are concerned. 

This gives seven and only seven forms or possible 
conditions of making and breaking of linkages, and to these 
the seven absorption bands are referred. 

That some such internal motion exists in the benzene 
molecule was suggested by Kekul^ in 1865 as the reason why 
no isomeric ortho bodies were obtainable according as the 
contiguous substituted groups are united by a double or a 
single linking. The vibration theory was strongly advocated 
by Collie' as the only solution compatible with the protean 
reactivity of the benzene molecule. Internal vibration through 
a succession of isodynamic phases is also considered by 
Hartley " to be the cause of the absorption of light by benzene. 
Hartley, however, only considers six changes of phase, the 
alteration between double and single Unkings passing by a 

' E. C. C. Baly and J. N. Collie, 7'ram. Chem. Sac., S7, 1332 (1905) ; 
Hartley and Huntingdon (/V/t/. TVuhx., TO, 257 {iSjgleave seven buidi ; 
later Hartley and Dobbie {Trans. Ckem. Sec., 78, 695 (1898)] six. 
Friederichs gave Tor beniene vapour {Zof. iro». Phet., 8, 154 {1905)) eigbi 
bands, whilst Grebe {ibid., 8, 379 {1905)) gives seven, but considen that 
the one at 2633 A.U. (which would coiiespond to Baly and Collie's band 
at 265S A.U., all the bands being displaced in soluliun by 15 A.U.) is 
dae to an impurity, which in view of Baly and Collie's tesulls leems 
doubtful. 

■ Trans. Chtnt. Soc., 71, 1013 (1897). 

' Ibid.,W, 1822(1905). 
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vibratory motion regularly from the first to the sixth position 
cloclcvise. The changes in the linkages of the contiguous 
C-atoms give six alternate modes of motion in all. Hartley 
likens these to a number of alternate compressions and exten- 
sions of an elastic ring at six different points, which may be 
supposed to act upon the ether. As was stated, Baly and 
Collie do not consider it possible to conceive of any sufficiently 
definite differences between the linkage changes around the six 
atoms taken individually to justify the assumption of a separate 
absorption band for each. The views of Baly and Collie and 
of Hartley are not, however, irreconcilable, the difference 
appearing to be chiefly in the locus assigned to the absorption, 
the former attributing this essentially to the proass of linkage 
change, whilst Hartley's eye is fixed on the individual carbon 
atoms. The [biases through which the molecule is conceived 
to pass are substantially the same, being the vibrations of an 
elastic ring pulsadng between two displaced forms. 



A 



V 



Each carbon atom has a residual affinity, which, in the 
limiting phase aoxb result ii] the formation of linkings shown 
by the dotted lines.' 

So far as the absorption of radiant energy is concerned, 
any such conceptions are only an approximate and sketchy 
analysis of the vibrations involved, which are certainly of a 
very complex character. Thus observations of the absorption 

■ For fnllcT deliils and applicalioiu (o particular leactions, see Baly 
■ad Collie, lac. cit., and Baly, Edwaids, and Stewait, Tram. Chm. Sot., 
B8, 515 (1906 )• and (or a complele discnuion of the ilereochemical rormnlK 
for heriMne, A. W. Stewart, SlfrfBthrmiitry, this series, p. 502. 
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bands in benz«ne vapour show that the main bands referred to 
above are really groups of bands, vidi their maxima towards 
the red, shading oflfto the shorter wave-lengths.' 

The limitations imposed by the theory of undivided 
valencies and by the static representations of molecular 
structure have led Kaufmann " to adopt a dynamic conception 
of the benzene molecule. The benzene nucleus is considered 
as being present in different conditions from substance to 
substance, out of the multitude of which only the limiting 
conditions can be represented by our ordinary static formulse, 
the intermediate ones only by the application of Thiele's 
theory of partial valencies,' Auzochromes favour the Umidng 

state expressed by Dewar's form, {| || kb of Baly and 

\^ 

Collie), which ICaufmann terms the D-condidon, which is, 
however, one of kinetic, not static, stability. In it the ben- 
zene ring is distinguished by maximal luminescent power and 
maximal magneto-optical anomaly. What may be termed 
the dynamic theory of the molecule, as here exemplified in 
benzene, is a view to which many phenomena point, 
especially in connection with optical properties. The number 
of substances which are recognized to be in a state of dynamic 
isomerism is ever increasing, and although at present these are 
principally organic bodies, there is also evidence that a similar 
state of affairs must be recognized for inoi^anic substances. 
The conception that the configuration is not fixed and im- 
mutable was expressed by Divers. 

It is necessary to be cautious in assuming that the static or 
graphic formulas assigned to compounds from their reactions 
ever represent more than a momentary phase of the molecule. 
For the configuration may he determined by the reaetion itself. 
This reasoning by no means implies that the molecule is a 
fonnless flux, but that, to borrow a term from the psychologists, 
it has a multiple personality. In some cases, two sharply 

' Cf. Friederichs, lee. Hi.. 2eU. win. Phot., 8, 154 (1905). 

* H, KanTnuuin, Die AiacKhmme, pp. 73 et trq. 

• Cf. n. Frennd, Vatenty. TJiis series. 

Google 



THE ABSORPTION OF LIGHT 183 

separated personalities pertain to the same individual.' By 
means of a certain reaction, we obtain, so to speak, an instan- 
taneouB photograph of one of the possible phases. 

Certain phenomena in the allotropy of the elements point 
to similar isodynamic conditions existing her& This appears 
to be the case with the two liquid modiGcations of sulphur,' 
both of which have the same molecular weight, Sj. It is 
significant that this equilibrium is displaced by light iynde 133). 

§ 69. ISORROPESIS AND IONIZATION. 

Hartley, from the observation that the ultra-violet band of 
solutions of metallic nitrates is shifted toward the red by heavy 
metal cations concluded that there must be an intimate con- 
nection between the metallic atom and the NO, group even in 
completely ionized solutions. Baly and Desch ' support this 
view, considering that in electrolytically dissociated solutions 
the bond between the two ions is not destroyed, but that the 
solvent by its residual affinity for the ions merely tends to draw 
them apart. When the two ions are sufficiently separated to 
allow a free interchange of electrons between different mole- 
cules, we have the condition called ionization, which is partial 
or more or less complete according to the number of inter- 
changes per unit time. If the se[>aration of ions has not 
reached the critical distance no interchange takes place. It 
is suggested that in aliphatic tautomerides the substances may 
be regarded as only sufficiently dissociated in solution to allow 
of interchanges between different parts of the same molecule — 
the specific reactivity being as it were short circuited. 

The labile atom is thus in a state of incipient dissociation, 
and may be termed a potential ion. On this view the per- 
sistence of the band in tautomeric substances is a measure 
of the extent to which the labile atoms are separated from the 
rest of the molecule. Baly and Desch find support for this 

■ As t figure of speech, one mighi speak at the molecule in the sialic, 
non-reactiT« condition as asleep; in the kinelic condition, as awake. 

• Cf. A, Wigand, Zrit. phys. Chem., SS, 373 (1908) [ H. Ktoit, ibid., 
64, 5'3(«908). 

' £w. cit., p. 770, 
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in the fact that the persistence is increased by alkali, whereby 
a maximuoi is reached, the amount of alkali being greatly in 
excess of that necessary to convert the whole substance into 
the sodium derivatives. This maximuin persistence corresponds 
to the condition that the separation of all the labile atoms from 
the rest of the molecule has overstepped the critical value, and 
that perfectly free interchanges are taking place. In agree- 
ment with this view is the &ct that the sodium derivative of 
ethyl acetoacetate is ionized and hydrolyied, the aluminium 
derivative but very little. 

The process of dissociation is thus conceived as continuous, 
isorropesis is potential tautomerlsm, tautomerism potential 
ionization, and the action of the solvent is continuous. Ijght 
absorption, chemical reactivity, and ionization appear as 
correlated manifestations of mobile electrons. 

Reference may be made here to von Baeyer's theory of 
halockromy as illustrating the difficulties of correlating static 
configurations to colour. To indicate a distinction between 
ionizable and non-ionizable valency, Baeyer' proposed in 
certain cases the use of wavy line. Phenomena where this 
would he used are such as where colourless or weakly coloured 
bodies unite with acids to form coloured salts, but it is not 
possible to attribute this to the formation of a new chromo- 
phore, such as the quinonoid configuration. Such balochromy 
is met in several ketones containing the grouping — 

— C=HCH— CO— CH=CH— 
thus dibenzoyl-acetone, which is yellow, forms a red compound 
with dry HCl. The red solution of triphenyl-carbinol in 
concentrated sulphuric acid is another instance. Most stmcture 
theories assume tetravalent oxygen in these cases. 

g 70. Infra-r£d Absorptions and Harmonics. 
The more important references are given in the footnote. 
It has already been stated that the ultra-violet bands of benzene 

■ Baejer and Villiger, Ber., U, 11S9 (1901), Cf. also K. Gebhaid, 
youm.prakt. Chtm., 84, 361 (igu). 
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and its derivatives show themselves, on greater dispenion, 
to be groups of finer bands or lines, channelleiJ or fluted 
spectra. According to Grebe ' the heads of the ultra-violet 
bands in benzene vapoui are — 

X -2689 ft, -2676, "lees, 'a$iT, '3526, -2463, ■2412, -2360. 

In liquid benzene they are displaced some '0015 ft. Coblentz 
finds in the ultra-red some seven to eight bands, which are 
also fluted. These are at— 

13 /i, 11-8 /i,9-8-io'3 ft, 878,1, 6*75 ;•, 625^' 5-4^, 3-25/*. 
It is ptobable that some relation exists between these uttra-red 
and the ultra-violet bands, such as certainly exists among the 
infra-red ones themselves. In the case of open-chain hydro- 
carbons, the absorption bands appear to form a simple harmonic 
series in certain cases, there being, for example, bands at — 
•85/1, i67-r72^ 3'2S-3"43/^. 6-7s-6-86^and 13-6714 >*, 
corresponding to — CHg groups. 

It should be remarked that Schutze ' and Kruss * state that 
some sort of harmonic relation exists between the ultra-violet 
and the infra-red bands for oiganlc dye-stuffs. 

A very important series of infra-red bands are those of 
•water, lying at ' — 

■77 ft., 1 ft, 1-25 fi, 1-50 p, 1-95 li, 2-Ofi It, 3-06 >t, 4-7 ft. and 61 ft. 
Ammonia (NH^ shows numerous deep bands between 9 ft to 
13 fi; Ot,faint bandsat 3'2/iand 4'7ft; N^ and H, no bands. 

Tliese inira-red bands will probably be found of great 
importance for the theory of solutions, since it is likely that 
by them energy of low frequency is reconverted into energy 
of high frequency, and that to this reformation of high frequency 
vibration is due the " ionizing " power of solvents.* 

■ Zeit. vat. Pkat., >, 376 (1905). 

* Wnk in beni«Dt, siroog in dcrivalives. 

* ficYiaXx, Zeil. phyt. Cilf.,9, r09 (1892). 

* P. KtUsi, iUJ., Bl, 257 (igosJ, 

» Pascben, Ifta/. Am.. H, 209 (1894). 

* Generally on infra-Ted absurption, ue Abney and Festing;, PAi/. 
Tram., IW, 887 (1S82I, and io particnlat, W. C^blenlf, yaAri. d. 
Riidiaaktiv. 4, 7 (1907). 
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The infra-red bands on this view correspond to the asso- 
ciated, condensed, or polymerized states of the substance, 
which on absorption of radiation of low frequency syntonic 
with the heavily damped pulsations in the condensed states of 
matter, tend to dissociate slightly, the end result through die 
chain being a slight emission of high frequency energy, found 
as " ionization " if another conductor is present.' 

5 71. ISORROPESIS AND F HOTO-C HEMIC AL EXTINCTION. 

We have already referred to what is known as Draper's 
absorption-law for photo-chemical reactions, viz. that only the 
light absorbed is chemically active. On the other hand, the 
converse of this, which would be that every substance absorb- 
ing light is light-sensitive, that is, undergoes chemical change, 
does not appear to hold.' In addition, even in a light-sensitive 
substance, not all the rays absorbed are active in promoting 
overt chemical change. Pure aqueous solutions of inorganic 
copper salts, such as CuSO^, which have a powerful absorption 
in the yellow and red, are not chemically altered thereby.' 
Again, alkaline copper tartrate (Febltng's) solutions have a 
powerful absorption in the red and yellow, extending into the 
infra-red. This absorption appears to cause no chemical 
change, But in addition there is an ultra-violet absorption 
which leads to chemical decomposition and to the deposition 
of cuprous oxide CugO, Bichromate salts which absorb blue, 
violet, and ultra-violet rays, are stable by themselves in light, 
but in the presence of organic substances the bichromate is 
reduced, the light absorbed now being active,* 

' Cf. II. Armstrong, Science Progress, 8, 63B (1909). Also it mut 
be Temarked tb«l from recent work of T. M. Lowry and C. Desch, it 
appears that even in the case of isodymmic chemical change* Ihe pretence 
oi i, calalyil li neceaaiy {Cien. See. Tram., KM, 751 (1909)). 

' Cf. J, M, Edcr, HdbHch. d. Phot., vol, J. p. TJ. 

' n should be noted thai Hartley {Trans. Ciiem. Sx., Bl, 556 (iQOa)) 
has Tcniarked slow changes in solulionn of pure nils not usualty con- 
sidered light sensitive, and that siuiilar observations were made by 
Knhlniu*ch. 

' Cf. J. M. Eder, HJiuri. d. Phot., II., 13 (1906). 
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We are, however, dealing here with complex reactions and 
systems froin which we cannot expect to deduce simple rela- 
tioDS. It is feasible that in these cases it is the tartrate mole- 
cule and the organic substance (gelatine, etc) which are 
■peofically sensitive to electric rays, and which " sensitize " the 
copper salt and the bichromate respectively, i>. after change by 
light, react with them chemically. The question arises, does a 
system which is undergoing chemical change in tight absorb 
light diiferently ftom the reacting substances themselves? 
BuDsen and RoBcoe considered that it does. They measured 
the absorption of light by chlorine and hydrogen separately, 
and then when reacting in light to form HCl, and found the 
latter absorption greater.' They concluded that there was an 
absorption b^ the reaction itself, which they termed " photo- 
c hemi cal extinction," over and above the ordinary absorption 
of the components, which they called " optical." ^ Various objec- 
tions have been raised to this division. Pringsbeim' pointed 
out that it was not demonstrated that the proportion of radia- 
tion which in pure chlorine only heated it, did the same in the 
reacting mixture. Given the possibility of chemical action, a 
larger portion of eneigy might be used for activating or altering 
the condition of the chlorine so that it reacted to form HCl. 
Lemoine * attempted a similar experiment for the decomposition 
of ferric oxalate, but concluded that the "chemical extinction 
could not be more than i in 10,000 of the total" 

It would be very desirable to have similar measurements 
in the case of a reversible photo-chemical reaction of the first 
type. Unfortunately, only one such reaction in homogeneous 
solution has been investigated, viz. the conversion of anthracene 
into dianthracene by light,* which is reversible in that in the 
dark the dianthracene reverts spontaneously to anthracene, 

' Pogg. Ann., 101, 354 (1855) ; Ostwald's Klajtiktr, U, 20. 

' Ederpropoted the tennt "photo-tbennBr' and "photo.cheniicar' for 
■bsorplion, according ai ihe energy is iransrofmed inti> beat or chemical 
action. 

• M^fl/.^i.».,M, 384(1887). 

• C. R., lis, 525 (1894). 

• R. Lather and Fr. Weigerl, Ziil. fhyt. «*«.|^ ^ ^^^^ GoOqIc 
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and very few extinction-measurements are to hand for thU. 
In considering the possibility of reaction-absorption in such 
a case, we must examine the dynamics of the reaction, 
especially the equilibrium. Luther and Weigert found (see 
infra, p. 314) that to any light-intensity there corresponds a 
given concentration of dianthracene. This equilibrium value 
is only a stationary condition, since on removal of light the 
dianthracene depolymerizes. Luther ' compares such a case 
to the maintenance of a water-jet, which is kept to a certain 
height only by continuous supply of energy from without. Or 
one may compare it with the level of water in a bath with both 
outlet and inlet taps turned on. Such stationary conditions are 
not peculiar to photo-chemistry, since a similar condition -occurs 
in electrolytic decomposition, where the products are not 
removed.' Luther, however, contrasts this state, an essentially 
dynamic equilibrium, with an ordinary chemical equilibrium, 
on the ground that the latter is statk. It is questionable if 
this position is tenable. A chemical equilibrium, such as 
NHj + HCl ^ NH.Cl is dynamite either from the kinetic- 
molecular view ' or from the thermodynamic view, and there 
seems no reason to assert a capital difference between reactions 
typified by 

{a) A + light ;*B 

{J)) A," + electricity ^B, 

{c) K + heat <* Ba 

save that, in the sense of the Phase Rule, there is one more 

inner variable (besides temperature and pressure) in the first 

two cases. 

None the less, the distinction between optical and chemical 
extinction has been generally accepted/ and related to it the 
conception has arisen of two different classes of photo-chemical 
reactions, one in which light performs work against chemical 

' R. Lulher, " Die Aufgaben d. Pholochemie," Zdl. vdtt. Phot., S, 
260 (1905)- 

• Cf. Salomon. Zat. phyt.Cktm., M, S4 (i897)- 

» Gnlilbetg ind Waage, Eltidti sur In afiniiii ehtmiques^ 1867. 

' See J. M. Erter,'/*-. lit.s W. NernsI, Thnrctisrhc Clitmii-, 4ih eilit., 

p. 721. 



THE ABSORPTION OF LIGHT 189 

forces, equivalent to the chemical extuiction, the other in 
which its action is catalytic' In the former, light is supposed 
to bring about reactions not otherwise occurring, in the latter to 
accelerate a " slow " dark reaction. We shall have occasion to 
discuss this distinction again, here it need only be remarked 
that the so-called catalytic light-reactions are probably due to 
the superposition or coupling of a non-pboto-chemical reaction 
upon a true one in the first sense. Bunsen and Roscoe, in 
their experiments, used for the calculation of the extinction 
the exponential formula (p. 144), which is only valid for mono- 
chromatic radiation. Burgess and Chapman' have repeated 
the experiment under conditions not involving Bunsen's and 
Roscoe's assumption, and £nd " that the light absorbed by 
mixtures of chlorine, either with hydrogen or with an inert gas 
such as oxygen, is almost the same as it would be if the 
diluting gas were absent. There is no judication that the light 
which brings about the chemical change is distinct from that 
absorbed by the chlorine in virtue of its optical properties. 
The energy which brings about the chemical change is 
derived from the light absorbed by the moist chlorine." If 
there is any difference in the transparency of a mixture of 
equal proportions of air and chlorine, and one of hydrogen 
plus chlorine it is of an order which cannot be detected acti- 
nometrically. Whilst apparently conclusive in the case of 
hydrogen ptvs chlorine this result leaves the general question 
still tubjvdUe, for the union of hydrogen and chlorine is not a 
true reversible, photo-chemical reaction, but a so-called catalytic 
light-reaction, at any rate in absence of ultra-violet rays. 

It is evident, however, that light corresponding to the 
chemical work must vanish, and here we might speak of 
photo-chemical extinction in Bunsen and Roscoe's sense. 

Now, Baly's theory of isorropesis is practically identical with 
the theory of photo- chemical extinction. Or rather it at once 
begs and solves the problem, in that it assumes ali selective 
absorption to be essentially photo-chemical, i.e. it inverts the 

' Berlhdot compares the action to that of a delonatot uo an explosive 

* Traiu. Cktm. Sae., M, 1430 (1906). 
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Draper law, and might be stated in the form, all seUOipelj 
absorbing bedUs are light-sensitive with, however, a somewhat 
modified meaning attached to chemical change. It is erident 
that we must examine this proposition more closely. Baly and 
Stewart ' point out that, in order to start the isorropesis, there 
must be some disturbing factor to influence the residual aflini- 
ties involved, or, as we might put it, there must be an energy 
gradient. As was stated, Baly attributes it// cases of colour or 
selective absorption to the oscillation between ithe residual 
affinities on atoms or groups of atoms in juxtaposition. (As we 
shall see, this is also essentially the explanation which physi- 
cists have adopted for the explanation of selective absoiptton 
and emission, substituting electrons fot residual affinities.) 
But as Baly and Collie' point out, "the reasoning advanced 
only refers to the conditions when the substance is absorbing 
light. The vibrations causing absorption must cease when 
the light is removed or the subsUnce would be self-luminous 
in the dark." Hence it is suggested that the process of 
tautomerism is itself dependent on the absorption of light, and 
ceases when the li^t is removed. That is, the reaction 
— C.CHs — C : CH— 

A ^ iH 

is essentially a photo-chemical reaction, and if we like to put 
it so, light is absorbed in virtue of the reaction, which there- 
fore shows reaction<oiour and photo-chemical extinction. 
But to state, as has been done, that if such photo-chemical 
extinction exist it would be possible for colourless original 
substance to give colourless products in light, and only be 
coloured during and in consequence of the reaction, and hence 
to contradict the Draper absorption law, appears to be only 
erecting a false antithesis on a misuse of terms. A body is 
only coloured, i.e. selectively absorbing, when light is incident, 
the phiase has obviously no meaning applied to the same 
body in the dark, except that it is potentially coloured or 
capable of absorption by virtue of its chemical constitution. 
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Baly and Stewart further suggest that fluorescence is a mani- 
festation of isorropesis; that is, in selective absorption it 
provides the mechanism, whilst light actuates it; in flootes- 
cence, isorropesis does both, to a certain extent. We must, 
however, discuss the relation between isorropesis and emission 
more fully. Meanwhile we may note, that assuming fluores- 
cence to be due to lome such reaction as 

A <r B 

I I 

absorbing light emitting light 

i,e. to an isodynamic change accompanied by emission, then 
the observation of Nichols and Merritt ' that when fluoresc^n 
and other substances are made to fluoresce by ultra-violet 
light a distinct absorpdon of light occurs of the same period 
as the fluorescent light, is of great importance. For it is 
definite evidence that the free period associated with the 
return reaction B -> A can produce reaction colour or photo- 
chemical extinction. And for those to whom the conception 
of reaction-absorption is difficult, it may be pointed out that, 
as shown on p. 178, the transition from A to B involves inter- 
mediate phases, bodies which may 01 may not be fixable 
according to circumstances.'^ Another possible case of photo- 
chemical extinction appears to occur in the j^enomenon known 
as pkototropy. This was the name given by Marckwald * to a 
change in colour which certain organic substances undergo in 
light, reverting to theii original colour in the dark. A number 
of remarkable changes among the aromatic fulgides have been 
described by H. Stobbe,* of which triphenyl fiilgide is a type — 
CPh.:C.COv 

I ) 

CH.Ph:C.CO/ 

' Pl^i, Sm., IS, 447 (1904) i viJt alio p. 418, 

* The difficulty or dbUnctioD 011I7 arisel if we endeavour la separale 
■t)K>]utely the coDcepts iMUei and energy, MbsUnce and accidence. 

• ZtU.pAys. CAem., M, 140(1899). 

' "Deaucbe Bonien Ges.," Samml. tu. tVien, 1908; Jnn. C/iem., 
SM, I (1908). 
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They pass from orange-red or yellon crystals to dark brown 
in arc or sunlight, the change being completely reversible. The 
brown and orange modifications are chemically identical and 
differ only in Che solid state. The modifications can exist in a 
pare state only in light of the wave-length under the inSuence 
ofwhich they were formed. Underall other conditions the sub- 
Stance is a mixture or solid solution of one form in the other. 
The phototropic change is caused by the light-rays which 
are absorbed by the modification undergoing change. The 
equilibrium between two modifications in a mixture depends 
on the wave-lengths of the light to which it is exposed. This 
phenomenon — displacement of equilibrium according to wave- 
length — will be discussed later in connection with O. Wiener's 
theory of Farben-anpassung or colour adjustment. The impor- 
tant point to notice here is that we have in phototropy a case 
of isodynamic change related to colour in which, apparently 
owing to viscosity, the return from the equilibrium in light 
to that in darkness is comparatively slow, whilst, for example, 
in tautomeric bodies in solution it is practically instantaneous. 
To sum up, the conclusions which the chemical study of light- 
absorption lead to are the following :■ — 

(a) The selective absorption of light is intrinsically {dioto- 
chemical in that the molecule passes from one state to another. 
On the general energetic view, we may call this, with Ostwald,' 
a transition from a metastable to a labile condition, with a 
corresponding diminution of the entropy,' or increase of 
chemical potential. A more specialized chemical inteqireta- 
tion is given by Baly's theory of isorropesis, according to 
which the absorption is due to the oscillation of the residual 
affinities of juxtaposed atoms or radicles. This change occur- . 
ring within the molecule, and not destroying its chemical unity, 
we m^ht term homo-ckemUal ; it is essentially reversible. 

ib) On this dynamical theory of the molecule and of 
absorption there is no contradiction between Draper's law and 
photo-chemical extinction. For the absorption at every point 

' Lihtii. if. Allpm. Chtni., II., loiz (1903). 

' As corres|«ndmB roughly to difletenl as)it;c(s. we might lurm ihc 
molecule "sirained," "exciicd," "polarUed." 
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corresponds to that of a substance which in virtue of the 
momentary condition of its residual affinities (or its chemical 
condition) is absorbing light, and the distinction between 
reaction-colour and body-colour vanishes. 

{{) The molecule may be so strained, or its chemical 
potential so raised, that it may undergo an idio-chemical 
change, such as polymerization, which is also reversible. Or 
it may, in the presence of suitable bodies, enter into irreversible 
hetenM^emical reacuons, for which the light absorption does 
not import. Only in the reversible reactions is the phenomenon 
of photo-chemical extinction, in the narrower sense, to be 
looked for. The others are the catalytic light reactions, 

{d) On removal of light, the molecule reverts to its original 
condition, which retrogression may or may not be accompanied 
by luminescence, depending apparently on resistance and rate 
of return. The relation between photo-extinction and chemi- 
luminescence is necessarily very complicated. The extent to 
which the molecule on absorption of energy manifests its 
change of state as heat, hetero-chemical change, light, or other 
forms of energy depends not only on the molecule itself, but 
OD catalyzers, solvents or medium, temperature, etc. Hence 
the simple relation between absorption and emission is 
obscured. 

It will be obvious that far more questions are posed than 
answered in the foregoing synopsis. The problems involved 
are very complicated, and much more experimentation wilt be 
necessary before anything like a clear pronouncement on the 
relation of the absorption of light to chemical change will be 
possible. But such experimentation will yield little results 
of general value if conducted without some guiding principle, 
though this be only provisory, viz. a hypothesis, " a supposition 
which we hope will be useful" (Stoney). It would seem that 
the study of photo-chemical extinction, to which is correlated 
that of emission, must proceed systematically from simpler 
to more complex cases, somewhat as outlined in the following 
scheme ; — 

Digilizcdt, Google 
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ReaersibU Changes in HomocfiemkuU Systems, 

It is to be remembered that the dualistic scheme of division 
utilized here is purely provisional. Just as the invention of 
a more penetrating gun stimulates the invention of a better 
resisting armour, and again of a gun which can fife projectiles 
capable of shattering that, so the triumphs of analysis are 
synechic with the triumphs of a synthesis inverse thereto. 

Provisionally, therefore, the study of the absorption and 
emission of light in the simpler cases concerns : — 

Positive elements, such as the metals, of which the spec- 
troscopy is being thoroughly studied at present The variation 
in the spectra of sodium vapour, potassium vapour, etc, accord- 
ing to the conditions of excitation, and according to the nature 
of the light-sources used to excite " fluorescence-spectra " 
therein, is likely to suggest very interesting possibilities in the 
way of observing and conducting specific chemical reactions 
at a distance. 

This study is complementary to the spectroscopy of the 
negative elements, chlorine, bromine, etc, and following this, 
of the amphibolic or more or less neutral elements, such as 
carbon, the indifference of which is more or less compatible 
with the noiion that they are constituted somewhat like the 
" inner salts " familiar in organic chemistry, by a sort of mutual 
annihilation and fusion of the antagonistic potentialities of 
positive and negative sub-elements. 

The problem of absorption, and its relation to isodynamic 
change, is being studied for bodies recognizedly subject to 
tautomeric pulsation, as benzene and its derivatives; in criti- 
cizing Bal/s theory of isorropesis, Lowry questioned the 
possibility of even an arrangement or rearrangement of bonds, 
of linkages, in a single body, independent of the presence of 
a cataclyst. 

To the typical reversible reactions in homochemical systems 
belong also the polymerization and depolymerization of anthra- 
cene, styrol, etc., in which, however, the action of solvents 
must not be foi^otten. Amongst reactions very possibly 
similarly oriented by light, we have the en-trans interchange 
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of stero-isomers, and the muta-rotations of sugars, which muta- 
rotadons are no doubt dependent upon the variations in the 
stress of the ether contingent to them. 

Irreversible Changes m Heterechemieal Systems. 

Between so-called complete reactions, or entirely irrever- 
sible ones, which means processes accomplishing themselves 
too rapidly for an observer to get syntonic with their phases — 
and reversible ones, there are the pseudo-reversible reactions. 
Examples of these are to be found largely amongst organic 
photo-chemical reactions. 

Such a reaction as AgCl ^ Ag + CI occurring in light is of 
the nature of a reversible reaction in a heterochemical system, 
so long as the presence of dissociated silver and halogen in 
equilibrium with the salt is recognized. But the greater 
number of irreversible ^hotolyses, in which the final products 
differ essentially from the initial material, and which cannot 
be reversed identically, are probably photolytic changes con- 
comitant to some extent with chemical changes occurring 
independently of light. Such quasi-irreversible reactions are 
like strips of a stream rising in a desert and disappearing 
again further on, apparently disconnected, but really parts of 
a connected and continuous movement. 



§ 1%. Physical Theories of Absorpiion. 
There is a very intimate connection between absorption 
and refractivity, or, more comprehensively, dispersion, wbicb 
appears both in the chemical and physical study of bodies. 
It will be well to bear in mind the dynamical meaning of the 
refractive index. If v^ be the velocity of light in free space, 
f in a given medium, K the wave-length in space, / wave-length 
in the given medium, then — 



the body's refractive index. By dispersion is meant the 
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dependence of v or (siace Vp is constant) of n upon A, ix. 
-jy, or for ordinary partial dispersions, r _ ^ ^ . Cbemico- 
pbysical investigation has shown that there is a very close 
paralleUsm between the atomic structures associated with 
colour and those producing dispersion, in both cases the 
presence of juxtaposed unsaturated groups being pre-eminent.' 
Evidently we are dealing with the same function in both, and 
this is fully recognized in the physical theory of dispersion, 
which is at the same [ime the theory of absorption. 

AaontBloas Siepersion.— In so-called transparent bodies, 
n increases with the wave-length. But if a body possess a 
strong absorption band, then on approaching the maximum, 
this from the red end of the spectrum, i.e. with decreasirig 
wave-length, the refractive index increases greatly. On ap- 
proaching the maximum of band from the violet end tbe 
refractive index decreases. With very strong absorption, the 
whole ted end may be more deviated than the blue. This 
anomalous dispersion was discovered independently by Kundt 
and Christiansen ^ for substances intermediate between metals 
and transparent bodies, such as aniline dyes and potassium per- 
manganate, i.e. those possessing surface colour. Investigation 
has shown that the dispersion changes continuously through 
the absorption strip, and the general relation between the dis- 
persion and absorption will be evident from the following curve 
for the dispersion and absorption of solid /.-n it roso-di methyl 
aniline (after Wood)." 

On the theory that light is an undulatory disturbance 

in an elastic medium, the velodty v =\J i, where e is the 

modulus of elasticity, d the density. The simple undulatory 
theory explains refraction in ponderable media, either by 

' Cf, Biiihl; 1. Smedlcy, TroMt. Chm. Sae., 98, 37* (1908). Kur 
the Tclation b«lween rcrraclivity and siructure, see S. Smiles, JlelaiUms, 
tic., in this series. 

• C. Christiansen, Fvgs- 'i""; l*li 479 (1870) i A. Knndl, Pagg. 
.inn., 142, 163(1871). 

' R. W, Wood, PAH. Mos; [6] fl, 96 (1903). 
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assuming the ether in the medium is of greater dmsity 
(Fresnel) or of lesser elasHaty (Neumann). It either case it 
takes no account of dispersion or the variation of v with X. 
The modem theories of dispersion, in which the explanation 
both of normal and anomalous dispersion is attempted, date 
from Sellmeier, 1872. Common to all is the conception of 
the synchronized vibration of some units of the ponderable 
mass system with the vibrations of the ether, in other words, 
the principle of resonance. Just as a system of tuning-forks, 
free to vibrate, would take up or absorb sound-waves of the 




same pitch as they can emit, but others only very slightly, so 
it is supposed that light-waves are absorbed in ponderable 
media by particles capable of a free period of vibration. 
Vibrations not synchronired to these only produce forced 
vibrations of the particles and would hence be but slightly 
absorbed. For photo-chemistry the interest centres on the 
regions of strong absorption. The different theories can only 
be briefly alluded to, but certain conceptions, as of molecular 
friction, molecular elasticity, etc., which are employed in them 
continually crop up tn the discussion of photo-chemical change, 
so that some exposition of their physical content seems 
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desirable. It has been pointed out ' that all the theories proceed 
froin two fundamental equations, one expressing the vibration 
in the ether, the other that in the medium. These may be 
written in the following forms supposing the particlft capable 
of displacements referred to Cartesian coordinates : — 
For ether, I. 

"•^P^'^ + F 

where m is the mass of the ether particle, i its displacement 
normal lo the axis of :r, e the coefficient of elasticity, and F a force 
expressing the interaction of ether and matter. The second 
equation for the molecular vibrations has the general form — 
For matter, II. 



M'^= -Ax- 



The enforced vibration of the molecule, or part of it, may be 

tfx 
conceived as that of a pendulum, /.c M -^ = —ix, where A, 

the proportionality constant, = ~i-, T being its proper period 

of internal vibration, independent of the reaction of light and 
matter. The effect of this last is expressed by F, and its sign 
must be opposite to that of the quantity in the ether equation, 
from the principle of reaction. Finally, there acts on the 
molecule a force F bringing about the absorption of light. 
The advantage of this installation of fundamental equations is 
that we can examine the conceptual content of the different 
theories by referring to their explanations of the terms F 
and F'. 

The principle of resonance and its consequences were 
most simply exposed by Sellmeier. The term F' is introduced 
to deal with the following difficulty. As the forced vibrations 
of the particles continue, the amplitude of the disturbance 

' A. Pflugcr, Art. Dii/ersieti, in TI, Kayser's IIJhu,h. d. Sftklroito/i,; 

vol. iii., 190s. 
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should increase without limit. Sellmeier supposed that light 
vas not to be regarded as a continuous train of waves, but as 
formed of irregular series of such trains, separated by pauses — 
pulses, as they are termed. The amplitude would increase to 
the end of a train, reaching its maximum in that moment 
Daring the pauses (naturally conceived as extremely short) 
the vibrations continue, hut damped by re-emission. Thus the 
energy accumulated during the incidence of the wave-trains is 
lost in the pause by re-emission, and this process, occurring 
perhaps a million tiroes a second, wjould cause the absorption. 
An essentially similar conception — with immensely magnified 
time units — meets us in the question of the photo-chemical 
effect of intermittent illumination. To Sellmeier's theory of 
absorption there are two principal objections, (d) the re-emis- 
sion should always be evident as strong fluorescence, whereas 
generally it appears as heat; {b) the absorption should depend 
on the number of pauses, therefore should vary with the light- 
source, which is not found.' 

Helmholz ' developed Sellmeier's conception by introducing 
the idea of a bipolar molecule consisting of a heavy central 
portion, or positive "ion," to which were united one or more 
negative " ions," which strive to preserve an equilibrium relative 
both to the central mass and to the ether. Then the terms F 
and F* in the fundamental equation are derived as follows : F, 
expressing the interaction of ether and molecules, equals 
^(x — £), i.e. a constant fP multiplied by the relative displace- 
ment; further, the absorption resulting in heat is supposed to 
result from some action similar to friction (quasi-friction) 
between the mobile and immobile parts of the molecule, and 

' Thfre is less force in these objections if we make the nut improlable 
Euppoiition, thai when Ihe amflituJe of Ihe tnhaHced disturbance remched 
% certaiD rritical limil — ■ mperioi limit — that this corresponded to an 
atselufi change ai characler of the form of energy, both \fi) in waTC-form, 
(h\ in lenwtion. That is, such amplifif-l pulsalient are uitnlital with 
vares of radiant hial, nnd yel are idenlicall}' or consequent]]' etjuivalenl 
to the insta}lalion of "rests" or "pauses," at more or less ine^lar 
intervals, in the section of a lieam of l^ht. Kadi.inl heal might thus l>c 
considered as a summation of jnfca-rcd flaoresccnccs. 

' Cf. Diude's Oftii., p. 353. 
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F", the force expressing this, becomes y* — , so diat the com- 
plete equation for the vibrating molecule is — 

Two important consequences for absorption theory Re- 
ducible from Helmholz's equation are — 

{a) The absorption at the maximum will be greater the 



{b) La^e values of the friction-coefHcient -f and small 
values of M (mass of vibrating particle) give broad absorption 
strips, and conversely. 

The qualitative application of these results to the interpre- 
tation of absorption spectra is obvious. 

Eleotro-ma^etic Theories.— Helmholtz's theory leads 
over to the electro-magnetic theory and the electron theory 
of dispersion. On the clectro>magnetic theory, the mechanism 
of absorption is conceived as follows : The absorber is a 
mixture of ether and molecules, the latter being aggr^ates 
of ions carrying invariable electric charges {i.e. perfect 
insulators) which under the influence of the electric force 
in the light-wave are set into vibration, this vibration being 
damped by quasi -friction or irradiation (re-emission). Or 
the molecules, instead of being supposed as composed of 
perfect insulators, must be conceived as themselves as 
conductors, with self-inductance and capacity, hence on 
their scale, capable of resonance such as we actually observe 
with Hertzian waves and bodies of sensible dimensions. 
Alternating currents set up within the circuit are damped 
by the Joule heat and re-emission. Here one meets the 
difficulty of assigning a meaning to the term "Joule heat" 
in a molecule, involving as it does the statistical conception 
of temperature, unless the conception of atomic temperature, of 
inner temperature, as the vibration-tempo of its electrons, be 
allowed to apply "below stairs" to the "molecule" and 
" atom." But, on the kinetic molecule theory, " temperature " 
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is a measure of the average velocity of translation of the mole- 
cules. The former theories may be described as electronic, 
hence really kinetic- molecular, the latter as molecular-conduc- 
tivity theories; they are confessedly "conceptual shorthand." 
Certain important relations of absorption to chemical constitu- 
ttoa have been obtained, the relation of which to the theory of 
isorrepesis will he apparent Drude ' has shown that, extend- 
ing Helmholz's theory, the molecule may be regarded as con- 
sisting of a central positive ion, to which are attached one or 
more vibrating electrons. The longer vibrations in the infra- 
red regiiKi are assigned to the former, the shorter in the ultra- 
violet region to the electrons. This hypothesis leads to results 

for the value of — , charge per unit mass, in accord with those 

deduced from cathode ray experiments, etc., and conclusions 
as to vaimcy in agreement with Abegg'a modified theory,^ in 
that the valency for cations is identified with the number of 
freely oscillating electrons. To account for a discontinuous 
variation of valency (as with Fe, Mn) it is assumed that tbe 
electrons are attached to the central atom with a variable 
cohesion-intensity. As a corollary ftom the study of the 
ultra-red bands, assigned to ponderable masses, conclusions 
as to the atomic or molecular weight may be drawn. It 
should be noted that in coloured organic bodies, such as dyes, 
the viable absorption bands are assigned to the free periods of 
Uie valency electrons, or vaions, as they have been termed by 
Traube. 

The more consequent and recent developments of the 
electron theory in this connection cannot be dealt with here.'' 
The great difficulty remains as tu the production of heat by 
the absorption, or the factor T in the fundamental equation. 
Lorentz * has attempted to explain this by the idea that the 

I Dntilii Ann., 14, 677, 936 (1904). 

■ ZeU. anerg. Ckcm., S9, 330 (1904)' 

' P. Drudc, Ann. Pkys., 14, 697, 936 (1904) ; Ztit. -mss. Phet., %, I 
(1905) i H, Erfle, "Optische Eigeoschaften n. Eleklrontnlbeoiie," 
Inaug. DUseri., Munich, 1907. 

• Sm lUyaer's Hdiuek. d. Speklrastc^e, IV., p. 383. 
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kinetic energy of the electrons is tninsferred to the molecules, 
but as the molecules are themselves considered as congeries 
of electrons, this is only a restatement of the problem or else 
begs the question. The most promising treatment seems to be 
that of Planck,' who seeks to correlate absorption entirely with 
irradiation, adopting a statistic treatment of this. As chemists, 
the essential point made clear is that the absorption of light, or 
more comprehensively of radiant energy, is essentially and of 
its nature correlated to chemical affinity and combination, and 
that in this process, vibration and resonance are the physical 
concepts involved. 

The theories discussed unite in giving, under certain con- 
ditions, general equations valid for the relation of dispersion 
to absorption over a limited range of wave-lengths, and for one 
absorption-band, i.e, the dispersion or refractive index can be 
calculated from the absorption,' or conversely ; the agreement 
between calculated and measured values, for a region where 
the optica.1 constants vary enormously over a small range, must 
not, however, be taken as a proof that the basic assumptions 
are entirely correct. Data sufficiently accurate for the 
numerical comparison of different theories are wanting, and 
the analytical calculation is extremely complicated. 

We may regard the molecular-mechanical hypotheses used 
to found the dispersion theory as stimulative to thought and 
experiment, but in view of their only partial adequacy for the 
interpretation of the optical behaviour of stable chemical 
systems, we must clearly be cautious in applying them to the 
explanation of chemical change in ordinary photo-sensitive 
reactions. We shall meet the same problems, viewed from 
the point of view of emission of energy, when dealing with the 
production of light by chemical change. 

Kayser '' has pointed out the difficulty of reconciling the 
resonance theory of absorption, especially in its molecular- 
kinetic form, with KirchhofTs law. For if absorption is 

' Ahh. il. Pkys., t, 449 (tgoi). 
* In the measurenient of the !tt)snr|)1ton il u 
is detctmined {viJt^. 13S). 
' ITdbttth., 8, Chap. I. 
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due to damping, involving change or vibration, it should be 
the greater the greater the damping. Hence, non-emission of 
the waves absorbed, whereas Kirchholf's law asserts just the 
contrary, Kundt's law or rule for Ihe displacement of the 
absorption toward the red with increasing refraction of 
the solvent is a necessary consequence of any of the complete 
dispersion theories. Thus if the molecule be regarded as a 
Hertzian resonator, the oscillation frequently will depend upon 
the refractive index of the medium, i.e. its dielectric constant, 
as has been shown for long waves allowed to impinge upon a 
grating of metal strips immersed in different liquids.' 



§ 73. Relation of Optical Activity to Absorption. 

It has been found by Stewart* that there is a certain con- 
nection between the optical activity of organic bodies and 
their absorption of light, which he expresses as follows : — 

(a) Within limits, a close relation exists between the 
absorbing power and the molecular rotation of two substances. 

{b) TTie presence of ethenoid — C=C — linkings increases 
both these qualities. 

(r) Of stereo-iaomers, the one having greater absorption 
has the greater molecular rotation also. 

Now, ordinary Don-poIarized light is equivalent to a raeemic 
mixture of the dextro- and Isvo-components, i.e. it con- 
sists of equal quantities of the opposite circularly polarised 
Fresnel rays. It was found by Cotton,' with copper and 
chromium potassium tartrate, that there was an unequal 
absorption of the two components ; thus for ^--> (dextro) polar- 
ized Na light the value of - was 0-0077, for <->. (laevo) 
polarized light, 0-0059, ^^ Stewart's results are in agreement 

' Ascbkinass and Schaefer, Drud^s Ann., B, ^89 {1901). 
- Tram. Chem. Soc., 89, 208 (1901). 

' A. Conoo, C. K., 180, 989, 1044 i Ahn. Chim. Phys., f;] B, 347 
(1896). 
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with this. The light transmitted by an optically active solu- 
tion, owing to the unequal absorption, will be elliptically 
polarized.' Proceeding from the idea that with a racemic 
compound sensitive to light the effect of cirmiarly polarized 
light would be to remove the corresponding component, thus 
leaving the mixture optically active, experiments have been 
made by Byk * and others to effect the complete asymmetric 
synthesis, but so far the results are negative. It is suggested by 
Byk that the i/r^riy-f-nature of vitally synthesized compounds 
might be due originally to an excess of Isevo- polarized light 
in skylight. 



§ 74. Arsorption Spectra and Magnf-tization, 

It has been pointed out that the most markedly selective 
absorbing inorganic substances — such as the rare earth com- 
pounds—which show in the solid and dissolved condition 
extremely narrow absorption-bands, belong to the paramag- 
netic series,^ a connection of as yet unexplained importance. 
It is not surprising, therefore, that the absorption-spectra of 
these subslantes show pronounced and complicated Zeemann 
effects in a magnetic field of great strength,* at the temperature, 
however, of liquid air. The phenomena are too various to deal 
with here, but it is important to note that the Zeemann effect 
is not independent of temperature nor of the anion ; the values 

of -Tz vary considerably, but for a field of 40 kilo-gauss are of 
the order 10 cm.~'^ and that the corresponding Huorescence 



' On rolalional dispersion in absorbing media, cf. P. Drude, OpHi., 
p. 3S2. 

■ A. Bjk, Zfit.phys. C<4/j»., U, 641 (1904)1 F. Henleand H. Haakb, 
Bcr., 41, 4361 (1908): P. Freundler, B<r., 42, 433 (1909). 

' H. Kayser, HdbtKh. d. SpfklreskKfiit, >, 1905 I "■ "I" Bois, ^n//. 
CoNgr. dt Phys., 9, 487 (1900). 

• J. Becquerel, jn.. C. R., 1«. 1«. 147 (1908), and PAH. Mag., [6] 16, 
"S3 (1908) i J. Bircquerel and K. Onnes, Veril. Kmi. Aiad. Wid. Amtt., 
16, 678 (190S) ; «nd H. du Boil and G. J. Glias, Ann. Phys., [4] 87, 133 
(«909). 
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bands show exactly the same changes, both of dX and of 
change of polarization, another instance of the intimate rela- 
tion of absorption to fluorescence. 

The relation of optical activity to photo- chemical change in 
organic bodies^the central of the problems of bio-syntheses — 
will be briefly discussed later, in view of a certain suggestion 
as to the relation of carbon to the remaining elements- 

§ 75. On Photo-chemical Absorption and Dispersion. 
The comparative failure of purely physical considerations to 
deal with the absorption and dispersion of light may, perhaps, 
lead to a unitary physico-chemical conception of the process. 
The physical theories fail to interpret the chemical process by 
reason of their assumption of a preformed stasis or mechanism 
in the system corresponding to the stationary or steady state 
which is observed, whereas actually it appears that the steady 
condition and the apparent structure is brought into existence 
by the light acting ; in other words, every absorption of light 
induces a dynamic equilibrium, there being enforced a succes- 
sion of " false " equilibria, out of which, given sufficient time, a 
" true equilibrium " constructs itself. This " true equilibrium " 
is the chemical ipccies adapted to a definite field of radiation. 
Modem organic chemistry points strongly to the deduction 
that the number of possible chemical species is unlimited, 
although the actual number isolated is limited by conditions 
of expediency. Recent experiments on the reaction be- 
tween chromic acid and quinine in light throw some light 
upon the process.' It is found that with a small thickness, 
such that absorption is not complete, the maximum velocity 
(current) coincides with the maximum absorption, or minimum 
of transmission, but that if a sufficient thickness for complete 
absorption is taken, then the maximum velocity lies away — in 
this case toward the shorter wave-lengths— from the previously 
determined maximum of absorption. That indicates— in 
agreement with Byk and Luther—that the dispersion -curve 
rather than the absorption-curve corresponds to the chemical 

' I'rivale cummunication from L'rof. K. Lultiet. 
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change. The difference is only in the time of sdjiistment of 
a stationary condition. A thin layer, kept at constant volume, 
will always tend to produce a band of absorption, or a layer 
with metallic reflection for a part of the incident ene^y, which 
will depend upon its own nature and dimensions as well as 
upon the nature of the incident radiation. It thus tends to 
approach to the condition which is expressed by KirchhofTs 
law, but does not attain it 

' Cr. the shift of the visibility function observed on intcrpo^ng ■ M>diui& 
flame in the path of heiiDin D,. R. W. Wood, Phil. Mag., Sept., 1904. 
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CHAPTER VI 

STATICS AND KINETICS OF PHOTO-CHEMICAL 
CHANGE 

9 76. Photochemical Change. 

It has been pointed out frequently that the distinction be- 
tween the terms "chemical "and "physical" is arbitrary, being, 
like all clasBiGcations, a mental convenience or economy of 
thought Whether we term a particular change brought about 
by light chemical or physical, will depend upon the way in 
wtiich we wish to examine or utilize that cliange. As chemists, 
we may consider that all absorption ol light alters the chemical 
potential of a system, but whether a chemical change, in the 
sense of the production of substances with new properties 
occurs, depends upon a variety of accessory factors. Although 
pure substances are largely ideal conceptions, it is convenient 
to consider the action of light, as outlined in the preceding 
section — 

(a) On homo-chemical systems (hylotropic phases or like 
molecules) ; 

(i) On hetero-chemical systems, i>. on the molecular theory, 
different molecular species present 

Experience shows that light can bring about every variety 
of chemical change; polymerization, or association of like 
molecules, as in the case of anthracene to dianthmcene, 
oxygen to ozone; but also depolymerization, in that ultra- 
violet light decomposes ozone; allotropic change of the 
elements, as with phosphorus and sulphur; isomeric change, 
as in the transition of maleinoid to fumaroid forms ; hydrolysis 
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(taking up of water), as with salt solutions of the heavy metals, 
or in the action of acetone on water in light — 

CH,.CO.CH, + H,0 = CH,.COOH + CH. 
acetic acid methane 

It will also give rise to oxidation, as in the case of PbS + 3O 
-> PbSO,; reduction, as In the cases of silver, iron salts, etc. ; 
associations and syntheses, as with H^ and CI, -> aHCl; dis- 
sociations, as zHI -> H, + Ie- Hence no classification based 
upon the conventional types of reactions can be of much use. 
This multiplicity of effect is a natural consequence of the ab- 
sorption law, since in mixed or heterogeneous light of all vibra- 
tion-frequencies the selective light-absorption of the chemical 
system will determine the reaction ; whether any relation of the 
loais (in [he spectrum) of the absorpdon to the nature of the 
change can be deduced will be discussed later. That such a 
relation is immanent in the phenomena we have every reason 
to believe, and also that its general form will be consonant 
with the two laws of thermodynamics; further, from electrical 
analogy, the law of induced currents is lilcely to yield a proxi- 
mate relation. The important relation between photO>cbemical 
change in a sensitive system and the diffusion or osmotic- 
gradient in the same, which will now be discussed, suggests 
that in plant growth the photolytic decomposition may auto- 
matically control the diffusion within, that, in point of fact, a 
plant's nervoiis system is largely in the atmosphere around it. 



§ 77. The Measurement of Photo-chemical Change. 

As a rough but comprehensive definition of a photo- 
chemical reaction, we may consider as the change of a system 
A to B, it being agreed that B is a chemically different indi- 
vidual from A, under the action of radiant energy. Then the 
reaction will be measured by the proportion of B produced 
from A, whereby we can use any definite property of B to 
determine its quantity at any time, or we may observe the 
diminution in A in a similar manner. Such measurements 
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are essendally parts of the study of chemical dynamics, and 
for geDCial details the reader is referred lo the volume by 
Mellor in this series.* The quantitative study in this manner 
of certain reactions has led to the deduction of certain funda- 
mental phenomena evident in photo -chemical change and also 
to methods of determining the chemical intensity of light. 
There are, however, certain special factors in the kinetic 
analysis of photo-chemical change which impart to it a special 
character and peculiar difficulties to its study. These are, in 
a word, the effects of the dimensions of the system studied, on 
the progress of change, effects due to that very absorption of 
light which brings about the change. For the salce of example 
we will consider the case of a homogeneous monomolecular 
change in bomc^eneous solution affected hy Ught. 

Light is supposed to be incident 
from the side marked with the arrow. 
Then the change A -^ B (disr^arding 
any possible reverse action) will pro- 
ceed at different rates at each thick- 
ness d, in consequence of the varying 
absorption of the light (p. 143), so that Fig. 37. 

if we denote the velocity of change 

hy -^ = K[A] where K is a function of the light intensity 
and quality, then K will also be a function of position. 
And further, owing to the varying velocity in the different 
layers, concentration differences will be set up, which will 
tend to equalize themselves by diffusion, so that the light- 
absorption itself will be constantly changing in a manner 
dependent on the dimensions of the system. The experimental 
and analytical methods which may be employed to allow for 
these factors will be considered in the following. But before 
passing to this, it may be pointed out that there is a way of look- 
ing at the question which puts it on a simpler and more general 
footing. This is, for the question in hand, to regard light as a 
substarue, its absorption as essentially similar to the diffusion 

' CAemual Sla/ifi and D^tiamKi {Longmans, 190J), 
T P.C. ? 
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of a gas {partly influaued by cQiwecHon) into a fluid. Its 
chemical ittimsity at any point corresponds then to its " active 
mass." This will be the light absorbed per unit of extension. 
On this view, ordinary absorption is equivalent to the solution 
of the substance "light," just as NH, dissolves in water. The 
further reaction of such ^ gas as chlorine with water is then 
the analogy of the photo-chemical reaction.' 

The general theory of the kinetics of reactions is based 
upon the " mass law " of Guldberg and Waage, according to 
which, in homogenous solution, the rate of reaction is propor- 
tional to the " active masses " of the reacting molecular 
species; for these "active masses" we can in general substi- 
tute the concentrations (mass per unit volume). Then the 
most general equation for the vdocity v is— 

dx 

V = ji = Kc'-^t"^ ... — Kfe, e '" 

Ci, Ci... being the concentrations, n„ n^... exponents, derived 
from the stoichiometric equation and expressing the order of 
the reaction. But before applying this to photo-chemical 
change we must note — 

(a) That the reaction may proceed in stages A -> B -> C, 
when the separate velocities of the consecutive reactions may 
be comparable, or one may be so much slower than the others 
as to determine the rate experimentally measured. 

{b) There may be side-reactions, with different resultants — 

A + B = AB 
A + C = AC 

of which either will be the side-reaction according to which is 
considered principal. 

(0 There may be catalysis, in fact one may say there 
always is. This phenomenon is so important photo-chemical ly 
that we shall have to study it separately and see what meaning 
is to be assigned to it from a pboto-chemical standpoint. 

Hence, apart from the incidence of light, all the varieties of 
the course of so-called dark reactions may be expected. 
' Such an anali^ musl not be taken an pitd de Itttre. 
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Reluming to our fundamental equation, the simplest formula- 
tion is that the velocity-coefficients K and K' are, for light of 
the same quality, proportional to the intensity, but this intensity 
will be a function of position in the system, as stated, owing 
to absorption. This foimulation, used by Wittwer' in his 
study of the decomposition of chlorine- water by lights, and 
generalized in the above manner by Nernst," may be termed the 
Nemst-Wittwer conception. Reverting to the substantial 
treatment just indicated, it will be seen that the intensity 
of light represents its active mass or concentration. As will 
be shown later, this can be given a molecular interpretation by 
assuming it to be the concentration of free electrons released 
by light. 

There is, however, another formulation, at first sight 
irreconcilable with this. Supposing photo-chemical change to 
be analogous to electrolysis, then the change or decomposition 
might be simply proportional to the light absorbed, i.e. the 
current, and independent of the mass of reacting substance, 
which is the well-known Faraday law of electrolysis. This 
conception was advocated by van 't Hoff, and has been 
developed by Luther and Weigert. 

It will be obvious that the kioetics of photo-chemical 
change are necessarily very complicated. Hence great care 
must be taken in interpreting the results. It is easy to place 
too much reliance upon the coincidence of numerical values 
observed and calculated as confirming the derivation of the 
particular reaction-equation used. Quite different assump- 
tions as to the nature or mechanism of a reaction will oflen 
yield the same analytical formulation. As a particular example, 
very pertinent to photo-chemical change, we may note that 
many reactions in gases (thennal dissociations), as, for 
example — 

4PH3 = P, + 6Hfc 

proceed according to the monomolecular function — 

' TXiwW. CAcw., 4th edit., p. 731. C.OOgIc 
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from which it was assumed that the reaction determining the 
velocity was — 

PH, = P + 3H, 
the phosphorus and hydrogen then combining to whole mole- 
cules with cnonnous rapidity. But the great influence which 
the walls of the containing vessels exert upon the velocity as 
well as catalyzers upon these walls, make it probable that the 
actual reaction occurs with great velocity on the surface of 
the walls, and what is actually measured is the rate ef diffusion 
of the gas to the reaction-surfece, which would, by Fick's 
law, be simply proportional to the concentration at any time 
giving the same equation — 
dx_ 



= K(<»-«) 



as the monomolecular hypothesis. As we shall see, this 
result is of great importance for many photo-chemical 
changes. 

We may, for purposes of study, roughly divide photo- 
echmical reactions into — 

(a) Reversible reactions, i.t. formation of an unstable 

system reverting to the initial state when light is 
removed. Work is done against affinity. 

(b) Irreversible reactions, acceleration of change to a more 

stable state. These must be subdivided info — 
(a) Complete reactions ; 
(fi) Pseudo-reversible reactions. 
A completely levetsible reaction may be defined as one 
which occurs only under the influence of light, the system 
returning to the dark state on remo^'al of light, i.& the daHc 
state must be repeatedly recoverable by intermittent illumina- 
tion and darkening in a hennetically closed space. 
The symbol light 

A^tD 
dark 

typifies this, of which the polymerization of anthracene 
to dianthracene is an example. If we r^ard lighl as a 
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component, we may note that it is not identically recovered 
on leversal, so that the reaction is homodreme as regards the 
substance, heterodrome as r^ards light. 

As a pseudo-revetsible light- reaction, we may take the 
reduction of ferric oxalale — 

Fe/C,0^),-* sFeCO. + CO. 
light 

to ferrous oxalate. In the dark, ferrous oxalate solution is 
again oxidized by oxygen of the air to ferric oxalate, so we 



and the reaction here is heta-odrome with regard to the light- 
sensitive substance also. 

A case of a complete reaction is that of H^ + CL^ = zHCI 
in light, HCl being stable. For actinometric purposes, the 
most suitable reactions are such in which the products are 
directly removed as soon as formed from the reaction-sphere, 
and the reacting mass is maintained constant. The effect is 
then simply proportional to the light-intensity. The closest 
approach to this is oblainedin Bunsen and Roscoe's actino- 
meter, using a mixture of H^ and CI. brought to a special 
condition and removing the HCl by water {vide p. 268). It 
has been pointed out by Luther and Plotnikow' that very 
probably the chemical processes in the retina belong to the 
pseudo-reversible reactions. The function of the eye is 
essentially that of a self-adjusting actinometer. The necessary 
removal of the products in an irreversible process by diffusion 
would entail a laige consumption of material. Much more 
economic are the pseudo-reversible reactions in that the 
r^eneration is effected by a side-reaction, and difhision has 
only to supply the agent of this and remove its product. 
Occurring much more frequently than the true reversible 
> ZtH. fhfsili. Ckim., <l, 515 (1907). 
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reactions, there is thus greater probability of the organism 
using them to form a quickly reacting eye, so advaat^eous in 
the struggle for existence.^ 

g 78, Polymerization or Anthracene. 
The peculiar interest of the polymerization of anthracene by 
light lies in the fact that we have here a reversible reaction in 
homogeneous solution, in which a definite stationary condition 
depending upon the light-intensity, is ultimately reached. The 
reaction, formally expressed, is — 

3C„H„ = C«H„* 
In darkness, the dianthracene, which is much less soluble 
than anthracene, reverts spontaneously to the former — 

in light in dark 

The reaction proceeds in boiling organic solvents, such as 
phenetol(b.p. i7o''at 745mm.),anisole(i54°), xylol (140°), with 
a measm'able velocity on illumination by the ultra-violet light 
of an arc lamp, or from a mercury vapour lamp. The anthra- 
cene and dianthracene were separately determined, as at low 
temperatures their rate of change is very slight 

The vessels used were cylindrical in shape and made of 
thin white glass, x% cm. long, about 37 mm. outside diameter. 

The dark reaetim, D -^ 3 A. 

This was found to be monomolecular at all temperatures — 



K' = ;iogS 



and practically complete; the dependence on temperature 
given by — 

The light reaction, aA ^ D. 

' If the ptiotolTopic proem noted later is a pseudo-rerersible reactran, 
it is poMible that die visual substance is of this cbantcter tn a mixture. 

' For literature, etc., see L. and W., loc. Hi. The light potjrmeriiation 
was Brat noticed bj J. Friuche, >«m. fraJt. Chcm., 100, 337 (i866). 
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As stated, a " stationary condition " depending up<»i the 
tigbt-inteniity and other Eactois is reached. We reproduce one 
of Luther and Weigeit's tables, and will then discuss the factors 
involved. 
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In the table, the data are as follows : — 
(i) Number of experiment. 

(2) Time of illumination. 

(3) Distance of wall of vessel from arc in cms. 

(4) Weight of solution in grams. 

(5) Height of illuminated column in cms. 

(6) Equilibrium-concentration of A \ 

(7) „ „ D / in millimolsper 

(8) ACc = change in concentration f litre. 

of D from start. ) 

(9) Radius of cylinder r cm. 
(10) K a constant. 

Discussion of the Equilibtium Conditions, 

If the liquid be strongly stirred there will be at equilibrium 

a mean value of the light-intensity, since each portion will be 

passing through all values of the light gradient in the solution. 

We may, conformably to the general plan of radiant 

exchange iyide p. 77), group the factors into two divisions. 
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Radiation Factors. — d, distance of lamp, s surface, r radius 
of cylinder, / = length of illuminated layer, I = intensity of 
light. 

Dimnuional Faotors of Interior.— G = weight of solution, 
Ci anthracene concentration, also nature of solvent, tempera- 
ture, stining (rotation velocity of unit volume of system). 

Consideiation of the experimental results shows that if those 
factors are set constant which remained so in one experiment 
(light-source, solvent, temperature, and stirring), then the con- 
centration of dianthracene at equilibrium is given by — 

P _ _ light-strength x surface 
" ~ volume 

Henca C,-K^'=K;i, 

for diaphragmed undiap^iragmed actinometers 



when s = specific weight of solvent at boilii^-point. 

Telocity Considenitioas. — The influence of teroperatuie on 
K was considerable. 

K, + lo 

For offcm/rd/'irrf anthracene solution, where there is complete 
absorption (containing more than loo millimols per litre), K is 
independent of Ca- 

Velocity of Tranafonaation.— The velocity at the com- 
mencement is determined by the same factors as the equilibrium; 

dk 
it can be represented by the empirical equation -^ = Kj, -K'*, 

where K.'x is the reverse velocity of D -* A (non-sensitive), 
separately determined, whilst Kj, is the same function of the 
variables as K above. The solvent exercised a speei^e influence 
upon the velocity and the equilibrium. 
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§ 79. Reaci'ioh Velocities in Photochemical Reactioks. 
Application of Mass Law. 

In consequence of the light gradient in the system, there is 
strictly no unitary concentration. The equilibration of con- 
centration may be furthered as much as possible by powerful 
stirring (Gros) or by using very thin vessels (Bunsen and 
Roscoe, Wilderman) ; or the dependence of the intensity on 
the concentration may be calculated. From this it appears 
that the order (apparent) of a complete (irreversible) reaction is 
betvreen n and » - i, when the true order is n. 

These considerations lead— as will be seen later — to valid 
equations for the velocity in compute reaOions with small absorp- 
tions. Here the Nernst-Wittwer apphcation of the mass law 
is justified. But iu a reveisible reaction, with strong or com- 
plete absorption, singe there is no change in K on increasing the 
anthracene, it becomes evident that the true law is that the 

velocity ( '^ ) at any instant is proportional to the chemically 

absorbed light — 

<m 



■-5?! = K^-K'D 



As has been pointed out, this formulation is equivalent to 
the Faraday law in electrolysis ; it is, however, not irreconcil- 
able with the Nemst-Wittwer formulation, since the latter can 
be deduced as a special case from it. Consider a vertical 
section of the reaction-space, area q, thickness /, at x cms. 
from a source of intensity I^ Suppose only one ' light-sensitive 
substance A which reacts with the insemitives B, C, etc Then 

' In nearly every mvejtie«lion so far, it has only ■ppeaied ihat aue com- 
ponent is specifically lighl-sensilive. The compliealions in\-olved by assnm- 
ing miire than one indepeniienl "sensitive" variable can be diminished 
by the gcneidly jmtifiable asiumption that two or mote lighl-senailiTci act 
as a single complex. Examples are probably Fe[He"(C|0,),"]. since it is 
cectain that. neither Hg" and C,0," ions are ifccijuaily light -sensilive ; 
AgUr (dye), where again all evidence points 10 the rormation of a unitary 
interdependent cumplex. 
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the velocity in the small thickness dx, according to the simple 
mass formulation, is — 

(I.) v.q.4x= KI(A)"(B)'' -q.dx- Y;{Q)i{Xifq . dx 

Then assuming monochromatic tight, the light absorbed in 
dx will be absorbed by A alone originally, and — 

(II.) dl^ = -q.dV>=q.\m^l^KYdx 
where m^ is the molecular eztinction-coefBcient, and n repre- 
sents the influence of concentration. If Beer's law holds, 
1 = r. Combining I. and II. — 

v.q.dx^ </J,^(A)— {B)fl - K'(C)i' ...q.dx 

If a = d = I, then the chemical change it<Ul be properihnai to 
Ike absorbed light. Or without assuming a = i (Beer's law), 
which, however, in general, holds, there will be such a propor- 
tionality between the chemical change and the absorbed light 
as to make the absorption " order " and the reaction " order " 
identical. We have already seen reasons for identifying these 
{vide p. 189), and the study of the kinetics of photo^emical 
change emphasize this identity. 

Integrating for the total thickness, (A) rendered constant by 
stirring — 

L^(By 

(III.) V = -2^ K'(C)i'D», etc. 

This amounts to stating that the "order" of photo-chemical 
reactions is always i. Actually, this holds for practically all 
photo^emical reactions investigated ; and, indeed, there are 
few reactions which actually agree with a higher ordering (cf. 
Meltor). 

§ 80. Intermediate Compounds and Catalysis. 
In ordinary chemical reversible reaclions it is usually 
accepted that a catalyzer cannot displace the equilibrium.' 

' Ae^ to the general discussion of this, ace J. W. KUUai, CAemrca/ Siatm 
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The action of catatpzers is in many cases best explained by 
the assumption of intermediate stages. But the photochemical 
reaction is a dynamic condition in which the change is made 
uni-polar, i.e. fereed in one direction, so that displacement by 
interaction, not only of the "equilibrium value" of the pro- 
ducts, but of the ratio of the exponents expressing the order of 
the reaction, is not only possible but probable, when catalysis 
intervenes. It is a matter of convenience very often, as to 
what and how many intermediate stages are assumed. Luther 
and Weigert considered two possibilities with the anthracene 
reaction, in which only one intermediate stage was con- 
sidered — 

(I.) A + J*-»A, 3A, -»D 
slow fast / 

3A 

iV. slow isomeriiation of anthracene, and rapid polymerization 
of this pfaoto-anthracene to dianthracene. 

The velocities of the separate reactions are — 
_4A)_KJ«_ 

di ~ y '^^^"' 

+~ = K,(A,)K» - K,(D) 

In the stationary state both velocities are equal to o, and 
since 

•'*-ma(A)-I-«,(Ai) 
it can be shown that 



°V| 



(A) = -'i ^-= 

V.K, '"' 
which on certain considerations leads to 
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The second hypothesis is represented by the scheme 
2A + J^ ^ D, D, -* D D ■ 



instantaneous 



slow 



slow 



i>. anthracene is at every moment in equilibrium with strongly 
thermally absorbing photo-dianthracene D„ which slowly trans- 
fonns to ordinary dianthracene. 

By similar installation of equation'' this gives for the 
stationary state— 

and both give a very similar result for the dependence of the 
stationary state on the anthracene concentration. 
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The velocity, i.e. considered integrally, the concentration 
(D') of dianthracene at any moment, is given by the same 
considerations as the concentrations in the stationary state. 
From equation II. 

(D') = ^, ^, as K,' and K/ 

can be neglected. 

Subsequently, however, Byk ' and We^ert - deduced expres- 
sions accounting for the phenomena from thermodynamic con- 
siderations, without the assumption of the intermediate phase, 

' Z«il. phys. Chem., 68, 454 (1908). 
• /W/., «3, 454 ('908I. 
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which, not being isolated, or otherwise demonstrated, was rather 
of the nature of a mathematical fiction. This assumption, 
sometimes experimentally justifiable, is a frequent one, both for 
ordinary and for photo-chemical change, one aspect of it (in re- 
lation to coDStitutioiial formulae) has already been noticed, others 
will be considered when discussing the problem of cataly^ in 
photo-reactions. But further considerations of the phenomenon 
of phototropy show that a complete study of the equilibrium 
in light must take into account the reversing action of rays of 
greater wave-length, i.e. that the radiation on both sides must 
be considered, tiftce absorption of UgAi by the reaOien product 
eon reverse the direction of the change. 

S 81. Pseudo-reversible Rcactions. 

The nature of these has already been discussed ; we shall 
now consider the course of one which has been studied with 
great care by Luther and Plotnikoff, viz, the reaction — 

{a) HI -f JO = I + JH,0 
followed by 

{b) iH,PO, -f iH,0 -h I = 4H,P0, -J- HI 

Reaction (<z) proceeds very slowly in the dark, rapidly in 
light ; reaction (b) is rapid and iminfluenced by light. It can 
be shown that the resulting or total ineversible change 
HjPOj -f- iO, = HjPOj is of practically zero velocity in light 
or darkness in the absence of the photo-chemical catalyzer HI. 
The reaction consists practically in the interaction of oxygen 
(derived from a gas phase) with the reaction mixture of phos- 
phorous acid and hydiiodic acid in light. Experiments were 
made with varying and constant concentrations of oxygen and 
each individual reaction studied separately. Reactions of this 
type, where a dissolved gas interacts, offer certain difficulties 
in the way of ensuring that the gas-concentration in the fluid 
is a known quantity. 

(d) For varying concentration of gas (here Oi) the solution 
is first saturated and the initial concentration determined, then 
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the concentration at any time is known from the measure- 
ments during the reaction (in this case of the iodine). 

(J>) For constant concentration of the gas there must be an 
arrangement for ensuring a constant saturation by sufficient 
circulation of the gas phase. Suppose there be a fixed volume 
of the gas in a burette in sealed connection with the reaction- 
vessel, then if a constant supply to the reaction-fluid he 
obtained, the diminution of the gas-volume will be a measure 
of the gas consumption. This constant saturation was ob- 
tained by Luther and Flotnikoff by the arrangement indicated 
below,' 



I 1 I 



The gas is drawn from the fixed volume in the gas burette 
through the hole A above the fluid level and driven through 
the liquid in fine bubbles by the rotating centrifugal X shaped 
pump. A glass plate inserted (not shown) in the fluid prevents 
the formation of streaks and whirls. The whole reaction- 
vessel is sealed off from air and enclosed in a water-jacket 
through which a constant supply of water from a thermostat 
is flowing. Two such vessels were then illuminated by the 



' The appaiatas is a very convenicnl one for many rMctions of this 
type. For full details the pmper \Ztil.fhys. Chem.,9\., 524 (1907)) shoald 
be conaulted. 
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constant upper half of a Uviol mercury lamp.' Portions of 
the fliud could be removed from the second vessel and the 
iodine determined volumetrically with thiosulphate. ' The 
decrease of volume of the oxygen v, in the burette was re- 
duced according to the usual formula — 

■Ji -h _ 
° ' 760 (i ~ Q■ooi6^i) 
(to o" and 760 ; h = v.p. of water) and transformed to equiva- 
lent weights of oxygen, calculated for \0 according to the 
equations. The pump was kept constant at 1500 revolutions 
per minute. 

§ 82, The Individual Reactions. 

The separate study of each factor's influence when varied, 
the others being kept constant, is the only way in which the 
mechaniBm of these complicated reactions can be elucidated.^ 
The reaction-vessels were compared to ensure that optical 
equivalence with regard to absorption of light, etc., was secured. 
The reactions with constant oxygen concentration will be dis- 
cussed first. 

(i) The velocity of the separate reaction between O^ and 
H3PO] was found to be practically negligible in the absence of 
catalysis. 

(2) The velocity of the separate reaction between I^ and 
HjPOi was measured as follows : — 

Alt oxygen was removed by first insolating the mixtures of 
HjPO), HCl, and KI. The iodine was powdered in part of 
the solution, which was then filtered through glass wool into 
the rest. Only by a preliminary exposure and this filtration 
conld reliable constants in the first stage of the reaction be 
obtained. It proceeds according to the monomolecular form — 

' J. Plotnikow, Zrit. fkyi. Ckrm., SB, 314 {1907). 
' for details >nd technique of the delenniimtiDiu of reaction-velocities, 
cf. Ostwald and Luther, PkysitihClum. Mess., 2ik1 edit., p. 447. 

' Neglect of this rundunenlal principle bu been responsible Tor an 
e mtss of mbletuling data in pholo-chemistir. 
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in the presence of excess of H,POa, when on integration — 
log(I),-log_(I). 
" o-4343i;'. - />) 
and is independent of light. The temperature coefficient for 
ten degrees is 3'94. 

(3} The velocity of the separate reaction between HI and 
Oi was measured with the concentration of O, constant. The 
mixtures necessarily consumed the same amounts of HiPO, and 
HCl as in the simultaneous reaction,' but the diminution of the 
ox^en measures the separate reaction alone. The veloeily is 
directly proportional to the light4ntensity, hence the reaction 
equation is' — ■ 

® = K/(JO) 

As the oxygen -concentration was kept constant and the iodine 
remained practically so, the change with time is simply linear — 

I'he temperature-coefficient of this photo<hemical change is 
extremely small. 

(4) The simultaneous reaction — 

O, + HH- H,PO, 
The velocity of this will be equal to the sum of the two partial 
reactions — 

If H3PO1 and KI are present in such excess that they may 
be regarded as constant, then K, and K, remain constant during 
an experiment, and the equation can be integrated. The 
progress of the reaction was followed by titration of iodine 
from the second vessel 

' Cf. also Fedcrlin, Zeit. fhysH. Chm., 41, 565 (i9(W). The dis- 
sociatioD of H,PO, is not suiGcieoti}' known to calculate the concentration 
of H ions. M 

' In Ihe velocity equilions (I) stands for coucentiation of iodine, / lor *'! 
intendlf of light. I 
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Putting Vi(\0) = Ki, then the integral fonn is 

wfaere (I)* is the initial concentration of iodine. If this is 
nil, the equation has the simple form — 

(I) =|^(' -<-•>') 

The final value of (I) when / s= <w is 

<')- = l^ 

Considering only the influence of light, these results may 
be expressed as follows : " In a photo-chemical pseudo-equili- 
brium or stationary state, every light-strength corresponds to a 
definite stationary concentration of iodine, independent of the 
reaction course. This value is zero in darkness and increases 
proportionally to the light-strength, becombg zero again in 
darkness." There is thus a dose analogy to the laws of the 
true reversible photo-chemical processes. The table and curve 
(Fig. 30) illustrate the course of the reaction. 



Tablk XIV. 
(K1)=o-ioo (HC1) = 0-400 
Disluice of lamp 13 cms. 



H = 753 T = 30". 
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It will be seen that the same equilibiium value of (I) was 
reached from both sides. Further experiments showed that it 
was directly proportional to the light-strength, and displaced 
in favour of the photo-chemical reaction by lowering the 
temperature. 




§ 83. Reaction with varying OxyGEN-coNCEUTHATiON. 
When the reaction mixture is originally saturated with 
oxygen and no further supply is made, die integral i 
different form, being now— 



a} = 



.(.-'f-^'") 



where (iO), is the initial concentration of oxygen, / = 
light-strength, and K and K^ have the same meanings as before. 
The curves show a maximum for the iodine concentration (I) 
(see Fig, 30}. The calculated and observed results agreed 
very well. Another example of a pseudo-reversible reaction 
is the decomposition of ferric oxalate, which reduces to the 
irreversible reaction — 
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catalyzed by light and iron salts, eitbei of which alone catalyzes 
but little or not at all. Here iron is the "photo-chemical 
catalyzer." The kinetics of the reaction — 

Fe,"'(Q,0(), = 2FeC0, 4- aCO, 

will be considered later, and its application to actinometry. 
It it obvious from this that oxygen should retard the photo- 
chemical reduction of the metal salts, and this is experimentally 
borne out Thus the sensitiveness of Eder's mercuric oxalate 
acdnometer may be increased eighty times in absence of 
oxygen.' 

Whilst the kinesis of this reaction is satisfactorily described 
by the equations of Luther and Plotnikoff, there are probably 
two sub-reactions not here indicated, but which are essential 
to it, viz. photo- or optical sensitizing of the reaction by iodine, 
and the induction, which, as was stated, was compensated for 
by preliminary exposure of the catalyst. It is evident that 
oxygen plays the same part here as in the reactions between 

Clg + H„ etc. 
Fe™ + CO." 
Hg . CI, -1- Fe'" + «(Q,0;'). Eder's solution. 

It may be said that all autoxidations are so far photo-sensi- 
tive, that they may be made sensitive to ordinary light by a 
suitable [dioto-sensitizer, i.e. a substance having an absorption 
band in the visible spectrum. 

§ 84. IrRSVERSIBLE PROCEtsSEi^. 

It is to be suspected that in principle all single and definite 
physico^emical reactions are per se reversible, but in practice, 
where the essence of the matter is in making one aspect of 
a possible change real or realizable, the virtual and reversible 
nature of the independent reaction-elements is masked by 
their unification in or subordination contingent to the trans- 
action and passage of an irreversible process. It is possible, 
even if hardly conceivable, that either on the astronomical 
■ Cf. Chr. Winther, 2tit. witt. Phul., 1, 709 (1909). 
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scale of magnitudes extensive and intensive, or in the unpene- 
trated amlcroBcopic fastnesses of the atom, there may be an 
indefinitely near approximation in the working of the uuchant 
of nature to the ideal of the perfect thermodynamic cycle,' but 
in actuality there seems a powerful tendency in the workings 
of those parts of nature that our faculties can subtend to in- 
definitely postpone and sheer off the singularly uninteresting 
state of perfection. But in so far as concerns photo-chemical 
changes, it is as well to indicate that any division of these 
into " reversible " and " irreversible " changes is primarily 
provisional and temporary, and that further and intensified 
investigation of a given reaction may lead to its transposi- 
tion from the rubric of irrereruble to that of reversible re- 
actions. It has become the cardinal principle in regard to 
physico-chemical changes in systems, in respect of displace- 
ments of equilibrium, that the most probable and persistent 
tendency or drift contingent to all changes or series of 
reactions is in the direction of forming that system, that state 
of equilibrium, which has the greatest entropy. Without enter- 
ing into the mathematical and energetic consideration of the 
principle of increase of entropy, we may point out a common 
feature in the aggregate of photo-chemical changes which may 
be regarded as a corollary to this thesis. That is the tendency 
which all such changes in quasi-homogeneous systems exhibit 
to produce products accumulating rather by side-reactions 
apparendy impertinent to the change of principal interest, pro- 
ducts heterogeneous in seclion,and singularly indifferent to light, 
singularly resistent to solvents and physico-chemical reagents. 
They are as a class perhaps most comprehensively designated 
as " fatigue products," and for all that they appear often rather 
as somewhat objectionable interregna inhibiting the uniform 
progress ofareacticm, their recurrence, in view of their tendency 
to prc^ressive accumulation with time, their inhibitire influence 
on the primary reaction, and their unification in species of 
iiieinbratus, is perhaps of considerable significance in regard 
to the main problem of photo-synthesis in nature. In the 
' $«e K. G. Doanan, Tkermodynamki, this series; P. Duheni, La 
Mttanifu Ckimifu, T. I (Parii, HeroMiin, 1898). 
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process of vegetative met&bolism, the common feature is a 
deposition of tissue encasing matured reserve food-stufis and 
canalizing such tissue in the making, the growth being the moie 
prolonged and peisistent in the measure of the enforcement 
of a certain rhythmic relaxa&m of the quasi-explosive, positive 
or catabolic processes, which, constituting in ^e£t, in the 
propagation of the pUuit-OTganism, as a unit of stniggle for 
dominance, its movements always on the whole in the direction 
of capturing more cnei^y, more power of intensely exerting 
its function sui geiuris, are, in the matter of cauie, actuated 
by autozidations and decompositions of its proper proto- 
plasm, a physico-chemical af^regate of physiologically specific, 
thoi^ pbysico-cbemically somewhat indeterminato composi- 
tion, a protoplasm which, as Claude BeniaFd said, must die to 
live, most die above all that the organism may progress. 

The plant world Is fundamentally differentiated by the ways 
in which it accomplishes this encasement in insoluble, in- 
different cell-walls — the "fatigue-products" of the strife of its 
own ascending and expanding effort with the ene^es of its 
environment — in a subordinate measure of readily soluble im- 
mediate food-stuffs, but, fundamentally, of the mature insoluble 
onclei of its specific protoplasm. At the foot of the scale of 
vegetative life, we hare the fission-fungi for which the functions 
and mechanisms of spread of the species and growth of the 
unit are identical in the sense of being alternating phases in 
the same current.' The pressure of the catabolic disintegra- 
tion (in which consists the expansive force and moving energy 
par excellence of the organism) is here subject only to the 
simplest type of recurrent relaxation. Wherein consists 
primarily, in this very relaxation of the catabolic aspect of 
the change, the genesis of the alternative anabolic process, the 
encasement of unused energids (enei^y-masses) in a semi- 
resting state, as dynamids, if one desire a term to express 
limited quanta of potential energy, static as compared with the 
kinetic condition denoted by the term energid. At the head 

' Conlida' the dynamical similarity between the niorpholag;ical trnit 
(or colonial aggregate] of (bat mnmoo fungus, a fuff-Ml, and its phyiio. 
logical Dnit or cell. <-' 
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of the scale, we find this simple theme, that of encasement 
of the energy-centres of the organigin, the anabolic process 
instanter concomitant and continuous by the reversal of the 
catabolic process, elaborated into the surpassing plenitude and 
complexity of growth of tropic and sub-tropic forests, and in 
which the differentiation of function has been carried stages 
far beyond the humble suggestion of a heterogenesis which 
is traceable in the asymmetry of direction, rather than direct 
cleavage of kind, of the vitality of bacteria and fission-fungi, 
with which it seems chie6y a question of the state of their 
ambient mediuin whether intervesicular spread and increase 
by continued fission take place, or intra-vesicular, intracellular 
subdivision, culminating again, this anabolic process, in the 
alternative catabolic process of sporulation. 

We have made this interpolation here, to suggest the 
importance of the formation of photo-anhydrides in regard 
to the extension of the permanent and persisting tissue- 
elements, the parenchymatous and allied histological forma- 
tions, in plant-growth. In the ensuing sections we shall see 
that the photo-chemical reactions which we are at present 
considering, initiated and to some extent maintained by 
coherent radiation from definite light- sources, are continued, 
subsequent to the cessation or shutting off of such intensive 
radiation, by complementary processes of chemi-luminescence, 
and that wherever persistent chemical changes go on, there 
is considerable reason to credit the continuance of the pro- 
pagation of radiant energy, of light, invisible and visible, 
which, in the words of a pregnant saying, " leitet das organische 
Wesen an." The luminescence concomitant with the decay 
of organic bodies has long been observed, it is only more 
recently, in the rec<^ition that the putrefactive process is 
concomitant with the vital processes of specific bacteria, that 
we have, in the increasing numbers of photogenic bacteria, 
acquired the evidence that it is as much a sign of life, of their 
growth, as a sign of death. 

Hence it should be clearly understood that all the 
automaticity and reversibility specially characteristic of 
conjugate and reciprocal point-pairs in optical ;iystems is 
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subjunctive to a velocity of automadcity and leveisibility, 
that is, to the arbitrary selective power and irreveiaibility 
of the conditions of vision with human eyes. The distinc- 
tion between irreversible and reversible processes is a very 
valuable one, but, like the corrdative distinction between 
involuntary and voluntary processes in a living organism, does 
not disagree with a constant underlying possibility of a process 
passing from one class to the other, concomitantly with the 
ouirch of experience. The self-same kind of distinction crops 
up in the relation of "true " to " false " equilibria.^ 



Irreversible Processes. 

A typical example of an irreversible reaction has already 
been noticed as contingent to the pseudo-reversible reaction 
studied by Plotnikoff,* namely, the reaction 2HI-|-^a = 
It + HtO. In the presence of great excess of K.I and HCl 
the reaction is of the first order as regards oxygen. Its 
temperature-coefficient for 10" was found to be 2-86. The 
empirical velocity-equation 

-^.M0,)(KI)>(HC1)I 

agrees for the kinetics in the dark, where it is also found that 
HNO, has great catalytic influence. In light the reaction 
remains of the same order as regards the variable substances, 
with no perceptible induction or deduction ; the most active 
rays are in the blue at 436A, both the ultra-violet and the rest 
of the visible spectrum being comparatively ineffective beside 
these, to the intensity of which the velocity of the reaction is 
directly proportional. It has, in light, a small temperature- 
coefficient, i'4, and is very susceptible to certain catalysts, 
extremely minute quantities of uranine and eosine, also of 
copper salts greatly retarding it, whilst quinine, sesculine, and 

' Cf. J. W, Mellor, Chemual Statici and Dynamki, this series, 
P-419. 

' Seep. 331. ^ 
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chloroform ate said to accelerate it. The character of the 
reaction may be summed up by the equation — 

-^= K,io-»™"T. J.{0.)1(KIXHCI)». 

for rays at 4367. 

The influence of catalysts on such a reaction, which as is 
stated may be ather positive or negative, is possibly due to 
some extent to their proper reactions in light being concomi- 
tant with a reaction luminescence either favourable to the 
forward reaction, or favourable to the inverse one. As already 
stated, reversibility and irreversibility are provisional and 
relative distinctions. The study of photo-chemical reactions 
is, on the one hand, a study of the chemical processes cor- 
relative to the gross physical fact of the absorption of light by 
media — which transition of light from a patent and actual 
state to a latent and potential state is correlative to an intimate 
redistribution of the chemical potentials of the absorbing 
substance ; and, on the other, to the chemical processes cor- 
relative in the emission of light by media, which gross physical 
fact is correlative to the inverse process of the release of light 
from a latent and potential state to an actual and patent one, 
and, correspondingly, to an inversion of that distribution of 
chemical potentials of the media such as the fact of absorption 
betokens. Hence, on the whole, and casting up accounts 
grossly, we have probably little reason to doubt that the 
emission and absorption of light complies with the principle 
of action and reaction. In using the term "chemical poten- 
tial," we are referring to what is sometimes called the " inten- 
sity-factor" of chemical activity and reactivity, but which, as 
the subtle elusive and ambiguous quality of the linkage 
between the hypothetical elemental substances out of which 
ordinary bodies are represented as being made, is often termed 
" affinity." 
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§ 85. ACTINO-CHEUISTRY OF THE ELEMENTS. 

To the reversible i^oto-chemical changes belong in general 
the aliotropic changes of the elements induced by radiation, 
and the various "activifications" and "passivifications" thereof. 
The discussion of this for gases such as chlorine, oxygen, etc., 
will be given later. In the soUd and fluid states the phenomena 
are more easily studied, as we say, the changes are slower. 

gnlphni.' — Monodinic sulphur (m.p. 120°) dissolves in 
CSg, is transformed by violet light into the amorphous insoluble 
form, with evolution of heat (3300 cals.). This reverts in the 
dark, especially on heating. The equihbrium conditions have 
been investigated by Rankin,* Kruyt, Wigand, and others.' The 
reaction may be expressed by — 

S««k^ + light ^ S„ + heat 

(violet) (infra-red) 

Beside heat, Rankin found that ammonia and ammonium 
suli^ide catalyzed the reverse action. At 2f$° an equilibrium 
value for the light-intensity for the change of state of sulphur 
in carbon disulphide was 5 c.p., at 40° 45 c.p., from which 
the strong influence of heal on the reverse reaction can 
be gauged. As is pointed out by Rankin, the phenomena 
are in agreement with the Phase Rule if lighi-intensity is 
taken as a new independent variable. Systems of sulphur tn 
benzole, toluol, etc., show mixing luminescence (cf. p. 384). 
Sulphur heated above the melting-point shows interesting 
thermotropic changes of colour, perfectly analogous to the 
phenomena of phototropy.* Wigand, using a hand -regulated 
alternating arc 35 volts (30-35 ^mps.), found an increase of 

> Cf, Schenk, Ztiupkyt. Chtm., W, 631 (1904). 

» ^ra. pkyt. Chtm., II, I (1907). 

' Ztit. php. Chtm., 64, 4SS (1909)- 

• A. Lallemand, C. R., TO, iSs (1870) ; M. Berthotlet, C. R., TO, 941 
{1870) ; G. A. Rankin, 'Jaum. pkys. Chtm., 11, I (1907) ; A. Wigand, 
Zdt. fhy,. Chtm , 68, 373 (1908), W, 45S (1909) (literature in full) ; H, 
R. Kiuyi, ZrU. fikys. Chtm., M, 513 (1908), 66, 4S6 (1909). 
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modification deepening from yellow to red. As already stated, 
no change in the molecuhu weight S, could be'obierred, and 
the only interpretadon consistent with the atomic hypothesis 
is that of isodynamic isomerism. The photo-chemical changes 
of phosphorus, selenium, and tellurium are of the same type, 
but seem to be more complicated. 

SelenlnnL — ^When precipitated from selenic acid it is a red 
amorphous powder, easily soluble in CSm giving red crystals 
which do not conduct electricity (m.p. las'-iso"). It passes 
in light to sekmutn-p, crystalline, with evolution of heat (1400- 
5300 cals., uncertain). The crystals p melt at 377°, and on 
heating go back to the a-form. R, Mate showed that the 
transition temperature ^-> a is ra. 310°. So far we have the 
scheme — 

Amorph. o + light ^ cryst p + heat 
(violet) 

But if kept at the transition-temperature, a black inter- 
mediate complex form is obtained, which conducts well, the 
conductivity being greatly lessened by light. Hittorf (1852) 
observed the influence of sunlight upon the transition, and 
Smith {1873) showed that light increased the conducdrity of 
the red forms, and decreased that of the black form. Siemens 
prepared very sensitive cells, and the change has been utilized 
for a method of light telegraphy and telephony, and more 
recently, with success, by Korn for the transmission of' photo- 
graphs by wire.' It is evident that a series of phototropic 
phases are involved, since very diverse dicta as to the relation 
of sensitiveness to the colour of the light have been given. 
Each form is stable under light of the colour it is formed by 
and no other, all being in solution or in a hyjotropic phase at 
the transition point. Shelford fiidwell ' put forward the theory 
that the change of conductivity was due to the formation of 
clectTOlytically conducting selenides by photochemical action, 

> PAyt. ZtU., 1908, p. 789. 

■ Edet's yahrbuth d. Pket., 1S9S, |i. 374. 
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but G. Bemdt' has shown that the most refined purification 
leaves the sensitiveness undiminiehed, so that it is the property 
of the selenium, pet- se. Tellurium shows similar changes, but 
has been but httle studied. 

Attempts to represent the relation of the conductivity of 
selenium to the intensity of illumination have not produced 
a completely satisfactory formula. Hopius proposed 

m = aV~i 

where m = conductivity, a a constant, and / the iutensity of 
light; and Heschias' the formula 





/=<,(^-i) 


where 


m = conductivity, 


hence 


log/=loga + «log* 


or 


„_\og/-a-£ 



§ 86. Allotropic Changes ik Light. 

Phosphorus.— The yellow A-forai of phosphorus melts at 
44*4° and is soluble in CS,, In light it is transformed into 
the red B- modification (m.p. unknown, insoluble in CSi) with 
the evolution of 4400 cals.^ The transformation takes place 
independently of the medium, so far as has been ascertained, in 
complete vacuum, in absence of moisture and at — 14°. The 
red phosphorus has a higher conductivity. According to 
Draper * and Lallemand ' the blue, violet, and ultra-violet rays 

' Fiyiii. Zril., I904, p. III. 

■ Phys. Zcit., T (1906), 163, but G. Athtuiadiadis {Ckem. Phys., [4) 
U, 91 [1908)) liods both unsalishctoTf over a large range. This U only 
what we ihould expect, since a slationary state for the reversing and incit- 
ing rays would be formed, but this would be a fluclnating function of the 
electric convection itseir. 

* Girmn, Ztii. phytik. Chan., SO, 4S9 (1904) ; C. K., IH, 677 
('9<»3)- 

< Mtmms, Scietilifie, p. 339. 

' fsrUthrill. J. Phyt^ p. 4OO (1870). ^, 
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are chiefly active, but the change is also brought ^out by heat. 
WheUier there is any polymeric change appears uncertain.' 

B, passive, metallic, A, active, aoluble, 

good conductor, -> bad conductor, 

insoluble. *- 

+ radiation. + light 

Arunlo. — The yellow, soluble form of arsenic is converted 
by light into a grey or black form, with evolution of 4900 
cals. This action is also brought about by heat, so that it 
appears that the visible, the violet, the ultra-violet and the 
ultra-red rays are efficient. 

B, passive, metallic, A, active, soluble, 

insoluble, good bad conductor, 

conductor. -* 

+ radiant enei^y of *- -I- radiant energy of 
great frequency l.esser frequency 

(chemism, elec- O'S^^ radiant heat), 

tricity).' 

If the elements recognized as undergoing phototropic 
change are grouped together, certain interesting regularities 
become manifest. To begin with, the erder of the phenomenon 
is a (unction of the atomic weight- for the same group of 
elements in the periodic classification. Thus in Group VI. 
according to Mendel^eff' — 

' Cf. Diinmet's I/dbiuh. anerg. Chan., 4, 316 (190a). 

* These eqaalioni must not be taken >s embodying more Ihan the 
CTUdest apei9U of the phenomena of elemental metamorphosii. Not only 
the vibration-frequency, but the steric ditposilion, or polarization, of ihe 
energy-flux requires consideration. 

' Cf. J. W. Meiior, Cknu. Statics and Dynamits, p. 348. 
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Kkmcru. 


' Atomic WBshl. 




Unmium . . 


! ^39 


Unstudied, but iti salts are extremely 
seiuitive to light, and it U the base 


Tungsten . . 


184 


Shows pas^vity. 




Sa*' 


Light-sensilireness nnstudied, but re- 
markable range of passiTity under 
thermic and elcctnc stimuUtion. 








960 


Exhibits passivity. sJts, ett, light- 









Turning to the metalloids of this group, the progression ii 
the effect becomes more striking. 



E.™... 


Alomic niEhl. 




TeUurium . . 


Very wide range of forms, lighl-senMli*e 
all through np to lung henl-rays. 






Setemnm . . . 


79 


violet to short heat-rays. Very sensi- 
live to light. 


Sulphur . . . 


32 


Phototropy more limited, Iransilioiu 
(barpet, but sCtangly marked for 
radiant heat. 




16 


Phototropy only shown for very short 









It will be Been that what majr be termed the elasticity of 
the phototropic effect is on the whole less, the higher the 
atomic weight; as the atomic weight increases, and therewith 
usually the metallic character, the supeificial resistance to 
phototropic change increases, a metallic glance enabling the 
substance to simply reflect the incident eneigy with minimal 
absorption. 

Somewhat similar relations obtain in Group V. 



giiizcdt* Google 



PHO TO-CHEMISTR V 



Unstudied, bnt shows a pusivc fotm. 
Slits aligh(l)' sentilive in while l^ht • 

ChaD|;e from active to passiTe locm 
occuri with eiplosive rapidity by 
shock or heat. 

Chan^ from active lo passive form pro- 
voked by a wide range of radiaUon, 
bat slowly enough lo be studied. 
. Change from acEive to paidve state 
easUy studied ('niiie p. 335). 



The transitional elements of Group VIII, 



191 193 195 



All show aciive-pas»ve 
oscillation), and foim 
calltid solutions of in- 
creasing stability as the 



Photo-chemical Altotropy. — As a general rule it may be 
said that every sensitive substance not already adapted to a 
radiation -field, tends to forma reversing layer, which, by a 
simple inversion of phase of the incident vibrations, critically 
leflects them without allowing complete penetration and con- 
sequent volume disturbance. This capacity varies from one 
element to another, and is also a function of the radiation- 
field itselt Thus, in the cases of phosphorus, selenium, and 
arsenic, the self-reversal of the element extends throughout its 
substance, it calmly resigns itself to fate, and passes from an 
insulating to a conducting state, electrically speaking. 

On the other hand, metals, in which the electric conduc- 
tance and magnetic inductance are usually already high, avoid 
increase of internal work by superficial oxidation when possible. 
This process is undoubtedly intimately associated both with 
the phase-change which light undergoes on reflection from 
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metallic surfaces, and also with the "passivification " of metals. 
That is to say, the transition of the elements from an active 
(soluble, etc.) form to an inactive (insoluble, etc) form is 
seldom, if ever, spontaneous, but depends not only on the 
ladiati on-field tending to adaft it, but involves a trace of 
another substance, which acts as advocatus diabeli and initiates 
the transfonnation. 



§ 87. The Illumination of Photo^;hemical Svstems. 

This will necessarily depend upon the source used and the 
reacting system. The least efficient method, but most gene- 
rally employed, is a small source and a diverging beam, the 



Fig. 31. 

calculations being made from the inverse square law. Much 
superior is the use of a parallel beam of uniform intensity 
through its section, and of small area compared to the system. 
It can be made con-axtal by a proper lens system, and the 

energy incident is then simply — - ^ , where Ej is the specific 

emissivity of the source, a the area or cross-section of beam, 
r the distance, and R the amount lost by transmissioa The 
small beam has the advantage that there is little or no side loss, 
and its volume is easily computed. On the other hand, the dis- 
tribution of intensity is complex in the system itself. To secure 
a uniform distribution in a plan-parallel walled actinometer, it 
is best to use bilateral illumination, when, if this is uniform, Uie 
two gradients are in the opposite sense, and compensate. In- 
stead of this, the method adopted by nature may be employed, 
viz. a converging lens to admit light into the system. The 
absorption by the system then acts in the opposite sense to 
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tbe concentration of light by the tens, and a uniform concentra' 
tion may be secured.' llie method further permits, for dilute 
systems, of an examination of the transmitted beam. For dis- 
tributive powers of tens-systems, see P. Drude, Lehrb. d. Optik., 
1900, p. 86; Czapslci, in Winkelmann's Hdbtich. d. Phyiik. 
Optik., p. 731 ; Heath, Geomttrual Optia. 

§ 88. Insolation Vkssels. 

For gases, these may be either cylindrical tubes, for which 
a con-axial water-jacket' may serve as a tens-system, or thin 
parallel walled vessels, such as were used by Bunsen and 
Roscoe.^ For fluids, various forms of parallel walled cells 
have been used. Where it is desired to operate with gas-free 
solutions, the difficulties increase. Goldberg has used vessels 
of plate glass, about 6-8 mm. thick, with a circular aperture 
of 60-70 mm. diameter pierced in centre. On one side a 
thin (o'S mm.) piece of plate glass is cemented, through which 
the light was admitted, whilst at the back was a thicker piece, 
backed as a mirror, and with an aperture for filling. Several 
such vessels could be exposed together on a rotating tum-tablej 
stirring being effected by a short glass rod enclosed (Fig. 33). 

With a reflecting back, partial homogenization is secured, 
the actual planes of change being at the antinodes of the 
stationary waves engendered by the conflux of incident with 
reflected wave-trains. 

B. Szilard * has devised a convenient form for reactions in 
either homogeneous or heterogeneous systems, and which 
allows of the introduction or removal of gas or fluid during 
the reaction. It consists essentially of a on&piece Biichner 
funnel of glass, the cone having an angle of 45°, with reflecting 
sides. The surface of the liquid must be a few mm. from the 
sealed-on top, to prevent adherence of any precipitate which 

' Not only in the eye bDt in chlorophyll cells — the chloropUtt* — does 
nature famish a lens before Ihe actinotropic lubitaacc. 

* For iDvesligiliont oilh nttra-vioki, qaart* most be used. As a 
Uierinostat fluid glycerin or metastyiul i» fairly diaclinic. 

» Pkel. Untenutk. Ottwald'i Klatsikir, No, 34, p. 36, 

* Ztit. xntt. Fhal., S, 3oj (1907). , 
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forms. Gas can be introduced by one tube, and fluid dntwn 
away by another (see Fig. 33). 





Fjo. 33. 



Fro. 33. 



The type of actinometric vessel used by Burgess and 
Chapman ' in their researches on the combination of hydrc^en 
and chloride, and which resembles in principle that used by 
Bunsen and Roscoe, is shown in Fig. 34. 



Fio. 34. 

The vessel I is the actual insolation-vessel, it is contained 
in the felt-covered thermostat, exposure being made through 
the window a-b; the manometer-tube also shown is connected 
up with a large vessel also immersed in the thermostat, so that 
indications were independent of theimal variations. 
■ Tram. Chtm. Set., t9, C416 (1906). 
T.P.C, R 
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. Compensation for Absorption. 



A method for obtaining the "order" of a photo-chemical 
reaction by eliminatioD of the asymmetry in absorption has 
been used by Gros ' and Slator,* termed " reciprocal shielding." 
Parallel determinations are made in thin rectangular vessels, 
with bilateral illumination, using a weaker solution of the 
absorber to shield the stronger, and conversely. Now, as the 
reaction itself is a direct function of the absorption of lignt, 
the concentrated solution will receive more tight from the 
reverse side, and conversely, so that a good approximation to 
a homogeneous distribution of the intensity of light may be 
obtained. 

If Beer's law hold, the fraction of light absorbed in the 
thickness j: at a concentration <r is a = Jt° 
U I, = I^' 
= /M" 
where M = transmission coefficient. 




The mean light-concentration in OAPB 
_ OAPB ^ I 

~ X X 

but q = \ I^x = \ IM^'tix 



' O. Gros, Ztitichr.phvs. Chem., VI, 157 (igoi). 
■ A. Slalor, iHd., tf, 513 (1903). 

Clooglc 
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Supposing we have two solutions, one of concentration i 
the other ac (Fig. 36). 



r + AM' 



clogM 



For homogeneous distribution / should equal 7„ and so 
long as M'''<o-5, the deviation is very slight. 




Fio. 36. 



Actually it is doubtful if any photo-reaction proceeds with 
a higher order than i. The velocity from Gros' formula is — 

Putting log M into the constant K, we have 

which if » = I reduces to ' 

-^y=K,/,(.-M") 

and is identical with the form obtained on the assumption 

that the velocity is proportional to the light absorbed, since 

_ J area of ray-bundle 

' "" V volume of illumination 

> Cf. C. Wintber, ZeU. wui. PM, 7, 66 (1909). 
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On integradon, 



= M . K,/^ 



fg and e, are determined by analysis. 

For the case of complete absorption, M"* is vanishingly 
small, and K,/can then be obtained from the initial velocity. 

This equation has been found to represent very well the 
reaction between CrO, and quinine in light,' and the decom- 
position of O, by Cli in light,' For CrO, and quinine, Gold- 
berg found for M for light of wave-length A404/1 

the value M = 10-"^°" 

For a particular concentration and illumination when — 

— y- = i"35, X = 1-6 cms. 

the following agreement between the observed and calculated 
values of the concentration of chromic acid, CrO„ was obtained. 





Table XV. 




/iDn>in>. 


..r«-i. 


f,alc 


^ 


41-6. 10-' 


41-6, 10-' 


MO 






£ 


i n-^ 


13-8 


800 


1 7-3 


6a 


1000 


30 


"S 



The above equation, which holds for any reaction in 
which the self-induction or auto-catalysis by a secondary re- 
action is small, reduces to the general monomolecular function 
V = V|,(i — *""'), and can be modified by a second term for 
auto-catalysis (self-induction). 

' E. Goldbe^, Zrit. pkyt, Chem., 41, i-io (1901). 
' F. Weigeit, Ann. Pkyt., (4) M, 25 (1907). 
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CHAPTER VII 
DYNAMICS OF PHOTO-CHEMICAL CHANGE 
5 90. Principle of Mobile Equilibrium 
The examples of pfaoto-chemical change already instanced 
show that we may speak of a mobile photo-chemical equili- 
brium in a similar specific sense that van 't Hoff used the 
term "mobile kinetic (theimal) equilibrium." Mow, as a 
general conclusion fioro observation of the reactions between 
light and matter, the mobile photo-chemical equilibrium may 
be considered as having three principal d^rees of freedom 
of readjustment on disturbance. In other words, it is triply 
indeterminate. 

This adjustment may be attributed to — 

(a) A tendency on the part of the system insolated in 
a field of radiant energy — the disturbing foice — to 
become self-luminous. 

{b) To become transparent to the insolating radiation. 

(/) To assume a critically reflectir^ eonJition. 

A priori, exception being made from other factors not 
perhaps of essential photo -chemical moment, any of these 
three accommodations of a photo-chemical equilibrium on 
variation of the energy-density of radiation incident is equally 
probable. 

True photo-chemical equilibrium is consistent only with 
the co-existence of the matter of a system S in the three 
states indicated, hence the discussion of photo-chemtcal 
equilibrium in the abstract tends to become identical with 
the deduction of the laws of temperature-radiation already 
considered. But these laws, descriptive of the behaviour of 
large masses of matter composed of very many kinds of 
molecules, of large fluxes of radiation of every conceivable 
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quality and polarizatioa, only indicate a general orientation 
as regards the specific behaviour of small groups of individual 
molecules, among which the study of photo-chemical change 
finds its subjects. 

It is, however, certain that one possible issue to photo- 
chemical change, that is, to enforced disturbance of a photo- 
chemical equilibrium, is for part at lea^t of the insolated 
matter to pass to that condition which best reJUcts the incident 
radiation. At the same time, remembering that light is now 
conceived as an electro-magnetic disturbance in a universal 
medium pervading matter, it should be noted that this 
form is likely to be a good conductor of electricity, and, as 
layers with metallic reflecting power are seldom or never 
perfect reflectors for all radiations equally, hut have usually a 
very high absorption, amounting to extinction for a thickness of 
a few wave>lengths (vi^ p. 139) for certain groups of radiation,' 
this statement may also he put in the form that one highly 
probable issue to photoK:hemical change, amounting to a 
permanent alteration bringing the initial reaction to a stand- 
still, is for the insolated material to pass to a condition of 
maximal reflection for one group of rays, of maximal absorption 
for another.' 

For reasons which will appear shortly, it will be convenient 
to consider a large number of photo-chemical changes under 
the general head of displacements of the equilibrium — 

light 

* That this piopoutioii should be generally true Tor the action of light 
on matter, whaterer its ilate of aggr«ga(ion, solid, liquid or gaseous, may 
appear at iic^t improbable. But eipciiments on the photo-electric effect 
In ^Wtf show that it is correlated not merely with abtorption, but with 
itutallie absorption ; cf. P. L«nard and C. Ramsiucr, Siu. brr. Hadtl. 
Akad, Will., 1911, Abh, 24, p. 5. 

* This coirespondt to a dednclion ttiade by Gihcon (Zdt. pl^t. Chtm. 
"■ 349 (1^97)) lu '" t^E general nature of photo-chemical change. But 
its scope is actually carrowet, it only describes one ibrm of peimanent 
alteratioQ 01 fiiuil state possible. A tendency 10 form bodies of increased 
absorption -ponrcr for active rays was postulated by W. U. Bancroft, but this 
also only corresponds to one phase, that o( positive auio-catalysis, in photo- 
chemical change. i_ < 
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where Sg denotes a state transparent to light, S-, a state 
opaque to light, Tbe production of clouds in transparent 
media by insolation in intense radiation corresponds to a 
displacement from left to right of the equilibrium schematized. 
On the other hand, the disint^rating effect of ultra-violet 
upon sundry surface-films corresponds to a displacement in 
the opposite sense. 

It is not only the intensity and wave-length of radiation 
which influences photo-chemical change, but above all the 
duration and continuity of certain groups of rays. 

S gr. Reflecting Films and False Equilibria. 
Whatever chemical change light brings about, as a 
permanent alteration, that which is most evident will be 
either of tbe nature of an oxidation or a reduction. These 
processes are of course really concomitant, but the local 
changes in the state of chemical combination of an element 
are either in one direction or the other. The most pronounced 
instance of optical reflecting power is shown by free metal 
surfaces, and the production of superficial metallic lustre is 
a very general resultant at interfacial planes of the interaction 
of l^ht and matter. But, save when special precautions are 
taken to ensure such a result, it is rate that the proportion 
of radiant enei^ which is predominantly reducing in its 
nature is allowed full play unimpeded by radiation of a 
contrary character. In consequence of this, and in corre- 
spondence with the transforming effect of matter upon 
radiation when excited, we encounter more often than not 
at the surfaces of photo-chemically reactive bodies lilms 
exhibiting an alternating generation of higher and lower 
oxi^tion-stages of the same chemical elements. Thus the 
surface dichroism of potassium per-manganate may probably 
be represented chemically on the ionic hypothesis by the 
mobile equilibrium — 

(MnO,V'^3(MnO;) 
per-manganate manganate 

a series of oscillating dissociations and associations Jaking 
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place on exposure to a heterogeneous ray-bundle. 'tttaX this 
transition is concomitant with a change in hydrolytic equilibrium 
is no doubt also probable, but need not aSect the above 
statement. 

As has already been pointed out, the self-reciprocal transi- 
tion (or actino-tropism) of an element from a free active 
condition to a passive state, more or less accompanied, accord- 
ing to tbe rapidity and frequency of the transition, by emission 
of its characteristic radiation, and its reconversion from the 
passive to the active state under the influence of complementary 
rays, is not limited to one element but is a general property of 
matter. Whilst the phenomenon of dichroism may be 
regarded as correlative with this transition for one, or more 
probably, in view of the reciprocal nature of all chemical 
change, two elements, as in the case of the manganate ion, 
if more than two elements are pulsating in a small region 
syntonically in this manner, we have the phenomenon of 
pUechroism. With complicated oiganic bodies an enormous 
variety of photo-tropic and chroma-tropic phenomena are 
possible. 

S 92. Second ok Intermediate Cundition or 
Equilibrium. 

Equally consistent with the principle of least action is the 
transition of insolated matter under radiant stress to a 
condition of maximal transparency for incident rays. Whilst 
one set of radiations can convert phosphorus from the trans- 
lucent yellowish phosphorus to the opaque reddish, metallic 
passive phosphorus, another set, specifically complementary 
to the first, will effect the converse change. But, for either 
aspect of the transition, the influeiKe of analytic impurities 
must be taken into account, traces of other elements which 
act as catalysis, positive or negative, to the trui»tion. We 
shall consider this ^ain in dealing with periodicity in the 
phenomena of oxidation of phosphorus, 

D.:|.ucJb, Google 
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^ 93, Third Condition of Equilibrium ; Luminescence. 

In general, however bodies are bronght thereto, ligh^ 
visible and invisible, is emitted by matter in the radiant state 
of flame or incandescence, which is a consequence of fire 
or chemical interaction of the elements with great rapidi^. 
Matter may be brought to the self-luminous condition, the 
furthest development of the state of photo-tonus, in a great 
variety of manners, some of which are dealt with here.' 

It is not necessary, and is indeed, from the economic point 
of view, often undesirable, that this chemical interaction, when 
suspended, should imply any marked permanent chemical 
after-alteration in the system. That is, the chemical inter- 
action may be iso-dynamic, all the displacements of valencies 
involved being virtual, or self-compensated, the nature of the 
radiation or disturbance propagated in the iether being a 
function of the virtual velocities of the interchanges of 
chemical affinity. Suppose again that we have a system, an 
ideal photo-chemical equilibrium composed of the two pboto- 
chemically heterogeneous states S„ and S_i : that is, the inter- 
mediate phase So, which is relatively transparent to light, has a 
high dispersive power for it, but is a poor conductor of heat 
and electricity, i^ is a good insulator, of high dielectric 
capacity; and what we will term the anastase S-„ which is 
relatively opaque to light, has great reflecting power, and is a 
good conductor of heat and electricity. We will further 
suppose that in the daric, or in very weak l^ht, the system is 
in equilibrium. It is evident that according as the substance 
S_i is spatially external or internal to the substance So, its 
conductive function for heat and electricity will tend to 
conserve or dissipate energy stored in the system ; but on the 
other hand, if S-i form an envelope about S^ light-energy 
cannot penetrate from without. We will consider the case in 

' Beside the chapters on 1i{;h(-siiurccs, anti (he s^ubscquent discussioD uf 
lumine^iuenee phenomenB, the rollowiDg works may 1>c teferrcd 10 on the 
production o( lighl and radialian : — E. C. C, Baly, S/wlrascefj, lhi& 
•cries; U. Mi\Mn, Sftelrutkimie, igll (l'^^ tlermuD & fiUJ. ^, 
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which So is the enveloping system to S-i, and is large in pro- 
portion to the quantity of the latter. 

If now such a system be exposed to light relatively intense 
compared with that to which its equilibrium was previously 
adjusted, persistent alterations of equilibrium of the system in 
both senses, i.a from %, to S-, and S-i to S^ may be set up. 
But such oscillating currents of displacement of chemical 
afRnity, provided they are rapid enoi^h, are equivalent to 
light, and such a system, passing upon insolation into such a 
ferment, may either — 

(a) appear selMuminous in directions transverse to the 
insolating ray-bundle, and only during insolation. 
That is, it emits into adjacent dark or non-luminous 
regions; 

(fi) appear self-luminous in the dark on suspense of the 
exciting lays. 

In the former case (a) we have the phenomenon of 
fluorescence, closely connected with whidi is the cathodo- 
Inminesccnce of bodies electrically excited in vaeuo, and the 
emission of X-rays and ultra-violet rays, of greater or lesser 
penetrating power j in the latter (/3) photo-phosphorescence. 
They differ principally in respect to a certain impedance or 
time-lag, a measure of inner friction, such that in case (P) we 
have a storing-up of light which is not effected in (a). Hence 
fiuorescence and phosphorescence merge imperceptibly. But this 
shows that another and most important condition of photo- 
chemical equilibrium is the self-luminous state of sources of 
radiation. This is par excellence the active state of a system, 
it may, reduced to the simplest terms, be r^aided as produced 
from S( in proportion as its dielectric capacity breaks down. 
We may denote this photo-positive condition by the symbol 
S„ and regard it as the katastase in the transaction. As will 
be indicated later in dealing with the photo-chemical processes 
in flames and other self-luminous bodies, the actual emission- 
centres appear to be electro-positively charged particles or 
kations. By a kaiaslase then we shall understand a shell or 
cquipotcntial system of such kations. The fact that elements 
like the halogens may also assume the self-luminous state need 
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not militate against this terminology, as there is a considerable 
amount of evidence showing that conventionally "negative" 
elements such as chlorine can pass into a relatively positive 
condition, just as " positive " elements such as copper may 
form part of an electro-negative group or complex anion, under 
appropriate conditions. 

I 94. Endo- and Exo-actinic Reactions. 
Just as in theimo-chemistry we are familiar with reactions 
which are exo-thermic and endo-thermic, according as they 
are concomitant with the evolution or the absorption of heat, 
so we have eso-actinic and endo-actinic reactions in photo- 
chemistry, corresponding to the emission and absorption of 
light. Bodies like H,Ob which are the resultants of endo- 
thermic reaction, have a lower temperature-limit of meta- 
stability and an upper temperature-limit of true stability. When 
we consider flames as in and for themselves constituted of 
phases of constant composition, the fact that hydrogen peroxide 
and similar endo-thermic compounds, when dissociating in a 
labile condition between tbe tower meta-stabte limit and the 
upper stable limit of temperature can initiate chemical changes 
similar to those produced by light,' such as the formation of 
latent developable tm^es on silver bromide emulsions, it is 
evident that there is an important parallelism between thermo- 
chemical and photo-chemical change. This should be borne in 
mind when a strong contrast is drawn (seep. 5 i.also 384} between 
so-called " temperature-radiation " and chemi-Iuminescence. 
The distinction between these is not that the former is really 
independent of checoical changes, for the heat development in 
which it originates is, fundamentally, chemical leaction-heat, 
but that there is a thermodynamic equilibrium between the 
rates of change of chemical processes in opposite senses. 
To each level of such stationary motion of chemical affinity, 
in which individual and speciSc differences are mei^ed in a 

' Somelime:! termed photo-echnic actions. They have been uicd in 
phutogiBphy as catalypic piocesses ; cr. J. M. Eder, llandtHcA d. Flielggr., 
1.464(1906). 
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common conflux, corresponds a definite body-temperature of 
an insulated mass, and its correlative "black radiation." 
When investigating individual and specific cfaemi-luminescences 
per se, we are dealing with sundry isolated faaors of 
"temperature-radiation." Connected with this equilibration 
inter se of the free energies of chemical reactions are two 
paradoxes to be dealt with more precisely later. One of these 
is the fact that the (apparent) body-temperature of a chemi- 
tuminescent medium, as read with a thermometer, may be 
quite low, far lower than would be necessary for ordinary 
temperature-radiation to give visible luminosity, and the other 
is the fact that the visible luminosity of certain phosphors may 
be extinguished or quenched by infra-red rays. What 
distinguishes photo-chemical change from roost odier physico- 
chemical transitions is the predominant importance, so far as 
change of state of physical aggregation of matter is concerned, 
of the transition gas ^ radiant or electrlonic state, the other 
typical physical transitions, as liquid ^ gas, liquid ^ solid, 
being of subordinate importance photo-chemically. And we 
may notice that just as a mass of matter wavering between the 
iiquid and the gas state is termed as a vapour, a mass of 
matter wavering between the soiid and the liquid state a gel, 
so a fimiie may be regarded as a mass of matter fluctuating 
between the gas and the radiant or ^ettriotde condition. 
Precisely in the fact that so far as photo-chemical equilibria 
proper are under consideration, we have to deal with matter 
and energy in a more highly differentiated and fine-grained 
condition, does photo-chemistiy require its own system of 
dynamics not entirety congruent with thermo-dynamics, 
analogous thereto but not homol<%ous therewith. 

Sufficient has been said to show that in photo-chemical 
change endo-actinic and exo-actinic reactions are not 
phenomena which can be absolutely divided, but can be 
analytically discerned as complementary aspects of the same 
metathesis or double decomposition. In every photo-chemical 
change, both types of reaction occur concomitantly, just as in 
a sound wave the medium alternates between condensation 
and rarefaction. 
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S 95. Photo-chemical Change in the Elements. 

(i.) Photolysis in Gaseous Bfatems.— Nearly all elements , 
obtainable in the gaseous state, when exposed to radiant '■ 
energy of sufficient intensity and frequency, shov characteristic 
oscillations betveea a relatively free active condition and a 
passive state. This phenomenon has been very extensively 
studied for oxygen, the activation and ozonization of which we 
will now consider in some detail, as it is of very far-reaching 
importance. The study of this and similar problems with 
other gases overlaps, as will be evident, with that of the 
behaviour of matter excited by electricity in high vacua, the 
phenomena which led Sir William Crookes to the postulation 
of a fourth or radiant state of matter, which might be said in a 
sense to stand to the gaseous state as this does to the liquid 
one, phenomena which suggest a fresh interpretation of the 
tag, SaHus est supervaetia Hscere, quam nihil. ' 

The activation of oxygen may be brought about in a 
variety of ways, many of which pertain rather to the study of 
the production of nascent elements in general than to photo- 
chemistry. The important ones for our purpose are : the silent 
electric discharge, the action of ultra-violet light, and the 
action of ordinary light in the presence of a specific photo- 
sensitizer for oxygen, an oxydase. Of these, the second one 
presents the photo-chemical aspect of the phenomenon in its 
simplest form, but it was historically anticipated by the first. 

(ii.) Oaonintion by the Silent Zlectric Dischsrjfe. — This 
is a discharge without sparking of a current of low amperage 
but high tension or potential difference between the electrodes. 
If one of these is drawn to a point, the dischaige is termed a 
point-discharge, but two reciprocal surfaces may be used, 
usually two conaxial metal tubes, as in Berthelot's original 
ozonizer, and an alternating discharge passed through the gas. 
Warburg,^ endeavouring to find if a relation similar to 
Faraday^s law for the electrolysis of solutions held between 
the cun^nt employed and the yield of ozone, found that there 
' Seneca, Efihtel., 89 /ly. 

' ^»». /My^., U] 18, 464, i9ofr , t;oo.:;lc 
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was a maximum yield of ozone for a particular dispodtion of 
the electrical circuit for a given velocity of convectioci of the 
oxygen stream, and which maximum was not exceeded by 
further increase of current. He concluded that ozonization 
was due to ultra-violet light, and that a stationary value was 
reached when the ozonizing and de-ozonizing forces in this 
were equilibrated. 

These results were confirmed by A. W. Gray.' The opinion 
that oxygen can exist in both an active unsaturated condition 
and a passive saturated condition,'' has long been prevalent in 
connection with the phenomena of autoxidation. Schonbein 
in particular* brought forward a photo-chemical theory to 
explain this alternation of state, according to which the activa* 
tion was due to light At the same time he su^ested that 
oxygen excited by light would have an increased affinit]' for 
hydrogen. 

So far as the direct action of light on oxygen is concerned, 
it is evident that the rays must lie beyond \ = lOo /i/i, 
which is the limit at which air begins to show a powerful 
absorption.' 

Physically speaking, this absorption results in an ionization 
of the gas, but this does not entirely cover the chemistry of the 
process. It was shown by Lenard ' that very short ultra-violet 
light ozonized oxygen, that is, brought about the reaction 

3O, = 2O,. 
Nernst* as well as Warburg^ expressed the opinion that the 
action of the silent discha^e upon oxygen and other gases 

' Ann. Pky!., [4] II, 477 (1904)- 

• Ct J, W. Melior, ChimUal Sialics and Dynamia, this series, p. 307, 
» Jeum. frakt. Chat., 78, 99 (1858); 77. 69 (1859) ; 7», 69(1859); 

79, 87 (1S60) ; U, 35 (1S64) ; 11W, 3z6 (1S6S). Note that the esscntUI 
(act of autoxidilion u presented \if Schiinbeia ia that the bindiog of one 
pottioD of oxygen in a passive form U ineducibljr concomitant with loose 
Gxition of BD equal portion in the active form, ij. the proportions 
synergically rendered active and passive are equal. 

' Cf. E. C. C. Baly, Spetlroicopy, this series, p. 158. 

• P. Lenard, Ann. Pkyi., [4) 1, 486, 403 (igoo). 

• Bit. dailick. tittlretkem, Cti., 1394, p. 38. 

•'■"■■" -^ 'it- Google 
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was essentially photo-chemical. Goldstein,' using the dis- 
charge in a Fliiclter tube iritb a quartz window, found that 
the air was ozonized near the quartz. The action was still 
more intense within the tube. 

(iii.) Onmisation by Spuk Diacliarffe. — Kegener^ made 
a quantitative study of the influence of ultra-violet light from a 
sparic upon oxygen. 

At the source, a spark discharged was passed between 
aluminium electrodes encloaed in a quartz tube. Sealed on to 
this as a jacket was a quarts vessel into which oxygen was 
introduced. The heated gases from the spark were constantly 




To Oxygen Cbtmber 
FIG. 37. 

removed by an air blast so that the temperature did not rise 
and induce the thermal decomposition of ozone. The dis- 
position of the apparatus is shown in the diagiam (Fig. 37). 

Experiment showed that on introducing purified oxygen 
into the outer jacket, the ozone reached a constant maximum 
percentage, about a per cent, actually, whilst if gas containing 
a higher percentage than this was introduced, the ozone value 
fell to the same level. This instalhition of [^oto-cbemical 
equilibrium is shown in the diagram (Fig. 38). 

< Bit. d. deultth. Ckm. Get., H, 3042 (i903)- 

' Ann. PAyf.. [4I 20, 10J3 (1906). t IoOqIc 
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Hence a stationary value under given experimental tsaa- 
ditions, similar to the polymerization of anthracene, is obtained, 
dependent upon equilibration ol ozonizing and de-ozonizing 
rays. 

(iv.) The Spectral Loeita of the Active Aajv. — The rays 
producing ozone must be of very short wave-length. Kreusler' 
has shown that oxygen begins to absorb perceptibly at about 
A = 193/i^theabsorptionthenincreasingrapidly. Schumann 
found that a layer i mm. thick at a pressure of 760 mm. mercury 
entirely absorbs rays beyond 170 /i/i, so that though the range 




of the activating rays is somewhat uncertain, its lower limit is 
known, whilst its maximum is perhaps about 100 to aoo /i/i, 
supposing, as seems probable from the greater difficulty met 
in activating nitrogen, that an upper limit also exists, i^. that 
beyond a certain value of diminishing wave-length of radiation, 
oxygen would again become unaffected. 

The de-ozonizing ultra-violet rays would seem to He in the 
ultra-nolet absorption spectrum of ozone, which has been 
measured by E. Meyer.' He determined the absorption- 



' Ann. Phyi,, 6, 419 (1901). 
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coefficients for different wave-lengths in the band, and gives 
the following values : — 

The absorption-coefficient a was calculated from the expres- 
sion I = I," , tot d = I cm, of purified osone at o" G and 
760 mm. mercury. 

He gives the following values : — 

Tablk XVI. 



IS 



}; 



■ 



Flc, 39. — AbtorptLon-speclram of ozone in allta-iiolel. 

The band commencing at \ = 300 ^^ is no doubt the 
oxygen-band already referred to. Hence the stability of 
T.P.C. s 
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ozone is a (unction both of the active mass of oxygen and 
the density of ultra-violet light beyond i8o ft/i. 

(v.) The Themul Connter-efl^^Not only do nltm-violet 
rays of a certain span decompose ozone, but this counter- 
efTect is also brought about by heat Regener found that an 
elevation of the temperature from 30° C. to 54° C. lowered in 
a certain experiment the equilibrium-yield from 3*4 per cent, 
to 3'7 per cent. Now it is known that beside the band in the 
ultra-violet, ozone has an absorption-strip in the infra-red 
region, first mapped by Angstrom, with a maximum at about 
A = 1040 fi/A. This maximum, which corresponds of course 
also to a second maximum, expresses the dispersion-power of 
ozone for radiant energy. The actino-tro^sm ' of the element 
oxygen, which is the energetic concomitant of its allotropy or 
dynamic isomerism, is therefore a doubly periodic function 
of the wave-length^ and intensity of the radiation it finds 
itself in. 



% 96. Chemical Actinomktbv, particularly of 
Ultra-violet Light. 

It may be pointed out at this stage that chemical acd- 
nometry and the dynamics of photo -chemical change are 
necessarily complementary. Every photo-sensitive reaction can 
furnish an actinometer for a specific group of radiations, whilst 
conversely the actinometer is only quantitatively reliable in so 
far as the dynamics of the transition made use of are com- 
prehended. We have already discussed the important reaction 
of oxygen to ultra-violet light, a reaction important metero- 
logically and biologically, as well as chemically, and we will con- 
tinue with further consideration of the action of ultra-violet light 
of various wave-lengths upon gases, premising that the silent 
electric discharge may be considered as one source of short- 
wave radiations. This step is the more consequent with the 

' This aomewhal cumbtoui expiession is used to denole the general 
behaviour of an elemenl in regard to radiation over ila cycle*. 
' Or inTctsely, of oscillation-frequenc}'. 
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general influence of radiation on matter, in that it corresponds 
to the processes taking place in the upper atmosphere of the 
earth under the sun's rays. That not only oxygen and hydro- 
cbloric acid gas mixture,' but also other gases are susceptible 
of alteration by light, provided the vibrations are of sufScienlly 
high oscillation-frequency, was shown by F. Lenard, who indi- 
cated that at the same time the gas is dissociated electrolytically 
into negative and positive ions — the latter in part of consider- 
able magnitude — but that mist or light-cloud formation of electri- 
cally neutral liquidogenic droplets is also effected, and this not 
necessarily by the adventitious co-woricing of solid bodies, but 
simply through the action of the periodic electro-magnetic 
forces of the light. The continuation of these experiments 
has resulted in the elaboration of a very powerful source of 
ultra-violet rays of very short wave-length, the electric spark 
from an induction coil between metallic electrodes, great 
attention being paid to the secondary spool as regards insula- 
tion. The capacity could be increased with plate-condensers, 
and an electrolytic interruptor was used, with a platinum 
electrode for current up to 60 amps., a nickel electrode for 
greater currents. 

An earthenware vessel of some 60 litres volume was used 
with these high loads, to avoid excessive heating of the fluid 
in the interruptor. Details of the electrical constants of the 
light-source are given in the paper referred to.' It was calcu- 
lated that the energy-consumption in the sparks per second 
was about 900 volt-coulombs. This corresponds approxi- 
mately to the consumption for an arc-lamp of moderate 
strength (so amps, at 45 volts tension of the carbons). But 
the nature of the consumption is essentially different. In the 
arc-lamp this is equally distributed over the whole duration of 
a second, but in the spark it is concentrated in small fractions 
of a second, interrupted by relatively large pauses. The 
number of oscillations (in the alternating circuit) was calcu- 
lated to be less than 5 o, and as in each oscillation only \ period 
can be reckoned as light-productive current, it follows that the 
eflective time per second is less than 53 X 50 X j X io~* sees. 
' Cklorhiali-gas, 01 chloiine-hydn^n deton«tion mixture. 
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= o'ooo6 sec.^ Hence the impulse aiforded is, for the con- 
ditions described, more than looo times as great as with the 
arc. 

The details are given to illustrate the importance of the 
duration and concentration of energy in light-sources as affect- 
ing the nature of the emission. It is a point of equal import- 
ance for spectroscopy and photochemistry. 

The photo-electric effect or ionization of gas by radiation 
will be dealt with later ; we will continue for the present the 
consideration of the chemical action of light on gases. 

It is evident, on consideration of the scale of oscillation 
frequencies of radiant energy, or, reciprocally, of wave-lengths, 
that the ultra-violet spectrum, limited on this side by the 
visible spectrum, is theoretically indefinite in extent on the 
farther side. Practically, we know of ultra-violet light up to 
about loo /j.fi.' It is convenient to have some notion of 
the rougher group-division of ultra-violet light, something 
crudely corresponding to the division of the visible spectrum 
into colours, and a provisional tabulation of the kind is given. 
It is quite time that the indefinite usi^e of the term " ultra- 
violet light," without qualification as to the ntiana, was 
abandoneil. The table following is due to P. Lenard and 
C. Ramsauer,* and the rough division of the spectrum and the 
nomenclature for the groups, although more or less arbitrary, 
suggests what is required. 

' "The iclionsof altra-violet lighl or very shott wave-lenglh «d gates, 
and a very powerful source of this light," P. Lenard and C. Kumauer, 
SiH. ter. d. I.'eidelierg. Akad. d. Wissemehaftai, 1910, sect. 28, pp. t-20. 
For impoilani investigalions on the spark- diichatge, see A. Schuster and 
G. Hemsalech, ^:t(V. Trans., A. 19S, 1S9 (1899), and G.Hemsalecb, C*.'^., 
U, June (1906). 

* P. Lenard and C. Kamsnuer, Sitt, ber. d, Hridtlierg, Akad. d. 
IViss., Alih. 81, 1910, p- 35. 
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Table XVII. 
Regional Division of Ultra-violbt Kays. 



Bloc 

i Viokt 

' Clus-uUn- 
I violei 
: (GbM-violeO 



vio&l) 

Quarli^lass 
u. V. g. ((Juarti- 
' gloss- violet) 



Qnutc-ciyslal 
I (Cryilal- violet) 



Fluorspar u. 

(Schnmann 



Kanarla on ebinictuiuits 



Trannnitted bj ordinary glass in mode- 
rately thick tajreis ; piofusely emitted 
by electric are with carbon poles. 

TratiBinilted by Jena ultra-violet -crown 
glass ; profusely emitted by uviot 
mercury lamp 



Tnnsmitled hy ftaeJ quartz {and calc- 
spar) in not too thick layers; the last 
portion or the emission ol quarli- 
mercury and quartz-amalgam lamps 

Transmitted by moderately thick layers 
of crystalline quartz (also by gypsum 
and rock-salt) can be decomposed in 
the quaru spectrograph 

Still transniiiied by good fluorspar, but 
completely absorbed by short air- 
spaces; decomposed in vacuum 
spectrum apparatus with lluonpar 



Strongly metallically reflected Trom all 
the above-mentioned solid media, 
according to theory of disperaion only 
to be itivestigaled in iheii absence ; 
dispersable with reSection^rating 
(Lyman) 



Incognita 



J b, Google 
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s 97. photo-chemtcal reactions in gases and 
Vapours 

The action of ultra-violet rays (spark-discharge or silent 
electric discharge) on gases has been much studied of late. 
It is obvious that the greatest activity is initiated in the 
medium when the spark-discharge is passed directly through 
it, without the intervention of absorbing layers. On the other 
hand, although this implies the most rapid communication of 
enei^ to the medium, it is not necessarily the most economic 
process in regard to yield of a particular product, unless 
effective means are taken to remove this as soon as formed 
from the region of equilibrium, the danger zone in which it 
is created and in which, in virtue of the reversibility of the 
reaction (usually by the consequent thermal counter-oxidation), 
it b liable to decompose, regenerating the initial substance or 
substances. 

This holds true for all photo-chemical changes, and 
conditions the usual practice of sensitizing the reaction in the 
desired direction by such means as an absorbent for the 
reaction product, due regard being paid to the adjustment 
of feed of initial material to the energy-load, peripheral 
cooling of the reaction chamber, or rapid cooling of the 
product as swept out of the zone of change. It is essential 
to distinguish this contingent sensitizing (or economizing), of 
a reaction itself directly light-sensitive, from effectual sensitizing 
of a reaction not itself directly sensitive to a certain kind of 
light by coupling it with small quantities of a system which 
is directly sensitive to these, and which communicates the 
impulsion to the other, possibly by emitting, in course of one 
period of its own cyde, radiation by which the other is 
affected. A convenient apparatus for the study of the action 
of ultra-violet light on gases is described in the section on 
photo-electric effects, because the accessory conserving and 
measuring part consists of electric fields and charged (statically 
charged) plates to which positive and negative conductors 
are drawn and quantitatively determined. 
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It must be remarked again that the action of radiant 
energy in all the reactions detailed cannot be declared as 
per se either dissociating or associating (synthetic), seeing 
that great numbers of syntheses are effected conconoitantly 
vith decompositions. But, in order that a realizable and 
permwient alteration of chemical equilibrium may be effected 
by light, we can but conceive that the valencies of the 
reacting substance aie loosened and perturbed, and that 
consequent with this enhancement of the inner d^rees of 
freedom of the system, the opportunity is given for new 
combinations to occur at the expense of those tenninated. 
It seems very probable that in the case of compound atoms, 
or molecules, disjunction into single atoms maybe temporarily 
effected, and this may be followed by recombinations in 
modified configurations, or, where different elements are 
present, new synthetic products,' This is particularly the 
case in the action of light on organic compounds, in which 
the peculiar perturbations initiated by light induce immediately 
recombinations of the atoms, or inter-molecular rearrangements 
of the atoms, to complex compounds only to be formed by 
very laborious and roundabout methods in the ordinary 
laboratory practice, tt is somewhat as if a certain nascent 
state of the elements, a period in their cycles when their 
elective affinities are least suspeiHled, is induced int^raliy, 
in one operation, in such photo-chemical changes, which has 
to be performed step by step in ordinary practice. The 
problem which vegetative hfe solves, of restoring inoi^nic 
matter to the animate world, is accomplished by a chemistry 

' A furltiei refineoient of the mecbanisin of tliii dislocation is offered 
by the election theory. According to this, either the inilialioa or the 
cenUioD of a stream of electrons in a wire niuet an ether-wave. Con- 
versely, on ether-wave may sUTt or stop such a stream. On the same 
theory, chemical afEnity, i.e. chemical potential energy, consists in the 
rotational enei^ of satellite electrons about ■ central atom ; valency 
dependii^ on the mtmrria of the satellite system. This rotation can 
be itart^ or stopped by an ether-wave of appropriate wave-length. 
Such waves, as u.v. light, may therefore alter the Humtriet of the 
rotational systems, and bring about immediftle readjattments lietwccn 
the atoms. 
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Sid generis which has the closed affiliation with photo- 
chemistry. 

By the use of the silent electric discharge S. M. Losanitch ' 
bnn^ht about the following reactions, for which the con- 
comitance of dissociation and condensation changes is obvious. 



4S0,-» 


jSO, + S, 




4NO._> 


N.O, + N, + 0, 


! A certaio unount of otooe 
! al>o formed 


w(CS,) -> 


(CS.)„ 




3CS. + H, -> 


C.H^. 




3CS.+ H,S-* 
3CS, + ado -», 


C,H^,+ S 


The sul[^ur re-aggregmted 


3CS, . aCO 




C,H. _ ^ 


c„.'h„ + h, 


1 Ituolable body which de- 
1 composes .t loo" C. 
1 Showsaspedcsofnidio- 
1 activity, diachugiDg an 








C,.H„ + 3n, 


1 electroscope 


' C.H. ^ 


" 


c.n.^ 


C„n„(ea) 


lower weight also pro- 






1 duced 



Brodie' showed that in the electric discharge COt was 
decomposed to CO and oxygen, the latter passing to ozone. 
The formation of condensation-nuclei in COg by ultra-violet 
light has been studied by Lenard and his co-woriters.' 
When ultia-violet light is propagated through water-vapoflr, it 
appears that hydrogen -peroxide may be formed, in agreement 
with the reversible reaction 

aHgO (or H,O^^H,0, -f H, 

' Ber., 40,4656(1907). 

■ Z. Jowit»chit*ch, Menalshtft., 801, 14. 

' B. Brodie, Phil. Trans., 164, S3 (1S74). The action was greatest 
with dried gas, waier-Tapour iiDpedicig ihc decomposition. Similar results 
were obtained hy Chapman ( Tratit. CAioi. Sx.. 91, 943 (1907)). 

' P. Lenard and C. Ramsauer, " Fonunlion of condensalion-nuclei by 
light in the almoiphcru of the earth and in other gases." Si'a. ier. d. 
Hddtibcr^, Akad. J. Wiis., Alih. IS, p. 13 (1911). 
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Thus the production of HjOj was impeded by excess of 
hydiogen.' It has been shovm that certain ultra-violet rays 
can decompose water-vapour into oxygen and hydrogen." 

On passing the lays through air, £. Warbiug and G. 
Leitbauser* found that N,Og is produced, together with 
traces of an unknown compound of oxygen and nitrogen. 
Correlative to this Keener' found that NO, N0„ and 
NH, are decomposed. 

With regard to ammonia vapour in air, we have the follow- 
ing fractions occurring under the ultra-violet excitation — 

nhI^ 



iNH4.N0,-^Hs. 



nh!oI ^ ^"* ■ ^^^ ■•" "**^ ^ ^^ 

which are reversible, the sails being subject to thermal de- 
composition. Experiment goes to show that the activation 
of riitngm per se is only difficultly effected by very narrow 
groups of ultra-violet rays. The use of the high-tension arc 
fbr the production of atmospheric nitric acid may be noticed 
in this connection.' 

All these reactions are at least partially reversible, the 
conditions of equilibrium being similar to those discussed 
under ozonization. A. Coehn and H. Becker' have deter- 
mined the equilibrium for the reaction — 
3S02-l-O»?=*3S0, 
which gives stationary values depending on the intensity of 
light. The value of die constant 






[OJx[SOJ^ 

'- [SO,]' 



' C. T. R. Wilson, FM. Tmiu., 192, 412 (1899); P. Lenard an 
Rftduwuer, " Aclions of ullr«-violet bght of very short wave-length a 
es." SU*. btr. d. HadiOerg, Akad. d. Wut., Abb. SI, 11 (1910). 

• A. Coehn and A, Beclcei, Zeit. pkyj. Chtm., TO, 88 (1909). 
■ Sit*. 6<r. Btrl. Aiad,, 219 {1907). 

• Cf. M. Ic Blanc, ZtUxhr. Ekktrxkcm., 14, 361 (1908). 
» a. Brio, Pkyt. ZcUtchr., B, 79a (1907)- 

' Z*iU<hr. phyiik. Chtm., 70. 88 (1910). CoOqIc 
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is independent of the temperature between ao" C. and 800° C. 
For the tempeniture-coefficieiit of the reaction 
sSO, + O, ^ aSO,' 

between 50° and 160° the value vz per 10° C. was obtained. 
Taken in conjunction with the independence of K, the 

equilibrium -constant = |>-,this indicates that the converse 

reaction has a negative temperature-coeffident over a certain 

' have shown that the 
mercury-quartz ultra-violet light effects decomposition of 
alcohols, aldehydes, organic acids, and ketones, followed by 
condensations. 

The same investigators found that cyanogen, illuminated 
with ultra-violet light in the presence of oxygen, gives para- 
cyanogen (CN)„ CO,, and nitrogen. As will be noticed 
in connection with the formation of condensation-nuclei 
(apparently saiid particles, or dust, formed in a gas or vapour, 
which then induce the deposition of a saturated vapour presoit 
as mist and cloud) the polymerization of cyanogen is only one 
example of many such changes. It seems very probable that 
in such cases a closed grouping of many identical molecules 
takes place about a single atom of another element, very 
often oxygen. In the case (rf para-cyan(^en, we tn^ht 
represent a cross-section through the nucleus by such a closed 
conformation or compenetration of ellipsoids, representing 
each a 

^ (syn) C s N (anti) 



C^, 



' The dielectiic conitant or specific inductive capacity of many lolid 
dielectrics has a neeative temperature coefficient above a certain ieinpei«- 
taie, i^. ihey break ap, or their iniulating power breaki down at high 
lemperatares. 

* C. R., IM, 1317 (1910). A ^enerat review of the phota-chemical 
activities of the tilenl discharge ii given by E. Warbni^ in the JaMmck. 
(/. Kadiffoitwitat, 6, iSi (1909). 
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half-molecule in internally compensated conjugation, the half- 
molecules of (CN}i diSicring according to the direction of 
rotation or circulation of the quasi-free residual afSnity. If we 
suppose the compenetrating ellipsoids {represented in piano by 
elliptic sections) to form a. self-ctosc»l shell about a meu- 
centre, conceivably a trace of another element,' and to 
compenetmte so that conjugate foci of alternate ellipsoids 
coincide, we have a crude image of tbe possible structure (in 
compenetrating atomic electro-magnetic fields) of a persistent 
nucleus in photo-chemical change, a confocal homceoid or 




Fig. 40. 



luminophore. As we shall see, such ferments play a large 
part in this science, being quite neutral (passive) so long as 
the residual affinities of the enveloping system are entirely 
centripetally engaged with the meta-cenire, but even bo 
capable of variable expansion and contraction, retaining the 
same relative configuration with respect to the centre and 
auto<atalytically influencing, in consequence with this rhythm, 

' It ii not necenuy to suppose that iherc is more than • iratt of the 
other element ; % single atom of IhU drcnlatiag at ^eal speed could 
feasibly L'lTect thi^ |>eisis(e»ce of scrcial such ihelb atxml iu path. 
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chemical changes in matter interstitial to the expanded shell ; 
1 A psettdo-reversible changes similar to the id&ng and smelting 
oi gels. 



§ 98, The Pkoblsm of Photo-Chehical Induction. 

The variety of the reactions in gases effected by the radiant 
energy in the invisible spectrum (ultra-violet rays), taken in 
conjunction with the fact that such radiation, though less in 
intensity and duration as the effective disturbance is less rapid 
and smaller, is not limited to sparking discba^es, but IS a 
universal concomitant of chemical change, would lead us in 
advance to expect highly characteristic anomalies and devia- 
tions from simplicity in the dynamics and energetics of 
photolysis, and that, prim& facie, from the interference of 
alien components. Such is actually the case. Practically 
there is hardly an example of photo-chemical change in which 
the phenomenon known as "induction" or initial perturbation 
has not been observed. 

The name " photo-chemical induction " was applied to th« 
following phenomenon by Bunsen and Roscoe. Using a 
specially prepared mixture of hydrogen and chlorine in 
equivalent proportions over water as an actinometer, they 
found that on exposure to light the rate of change did not 
at once assume a constant value, but increased at first and 
then attained a steady value, at which it remained so long as 
the exposure was continued. On cutting off the exposure, 
leaving the mixture unilluminated (dark period) for some time, 
then re-exposing, it was found that the same phenomenon 
recurred, so that, whatever the nature of the reaction-mixture 
for the period of constant velocity of change (we shall term 
this the period o( ^hoto-tomts), there had bem a deduction or 
declension from it requiring a fresh photo-chemical induction. 
The following table illustrates the induction effect ' : — 

' " PlKjlocliem. UiUcrsucIi.," OalwaWs Klassiker, U, 363; Pugg. 
Ann., 100, 481-516 (IBSS). 
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It is entirely coDgruent with the virtual reversibility of 
photcxhemical reactions that the phenomena of induction (and 
deduction) have been remarked in some measure in practically 
every one studied. But the number submitted to accurate 
kinetic investigation is yet small, and it is possible by suitable 
experimental precautions to make the induction period 
extremely shorL As we shall see, it is not so much inherent 
in the nature of chemical change itself, which can proceed with 
velocity equal to or greater than that of light, but rather in a 
variety of mechanical hindrances corresponding to the inter- 
ference of simple independent reactions, resulting in an 
apparent retardation of the rate of change. An example of 
a reaction in which preliminary precautions secured a practical 
abolition of this induction has already been given, in the case 
of aHI + j^O, studied by Luther and Plotnikoff {p. ^32), 
but by far the most searching inquiry into the origin of the 
phenomenon has been made by Chapman and Burgess, whose 
work on "negative catalysis" in relation to the union of 
hydrogen and chlorine in light will be discussed immediately. 
"The following table gives the more prominent photo-chemicid 
reactions in which "induction" was encountered : — 



Clooglc 
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Table XIX. 







Studied by 


H, + CI, in light . 




BunscQ and Roscoe. 


CO + CI. „ . 








' M. Wildetnmnn. 


H,0 + Cl. „ 








Wiltwer. 


CI. + C.H. „ . 








SUtor, Uoldbeis. 


^'' "''{bom'lMEucs ' 
CL + C,H, in lighl 








Various. 








R5iD<r. 


Cl, + C.H, 






COOH 






<!;ooii 




Eder. 






iibc,o. + <nh.),c,o. 






Fntmation of photo-electiic cellK, 
pholo-decwiceffectswilh metals 




sulphides and h>1ides 






Fonnatioo of latent imiges 


iritl 


Varioas. 


silver h»Ud«s and pholographi 




pieparslions. 







Of Uiese, the union of hydrogen and chlorine in light has 
long been the favourite joust in the photo-chemical lists, and 
recent investigations have contributed very considerably to our 
knowledge of the mechanism of the reacdon. 

In essentials, the method cuinsists in exposing a mixture, 
in neariy equivalent proportions, of gaseous hydrogen and 
chlorine over water to light in shallow vessels. The water is 
continued in a column provided with a scale, and as the 
soluble hydrochloric acid is dissolved in the water, the con- 
tractions of the column enable the rate of reaction to be 
followed. 



§ 99. Dependence of Induction — Phenomena on the 
Manner of Preparation op the Mixture. 

Bunsen and Roscoe's experiments on the induction period 
in light with hydrogen- chlorine mixtures showed that this 
period was very sensibly aflected by any modiRcation of the 
preparatory process, and in particular by contaminatjpn of the 
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gases by foreign substances. They endeavoured to ensure 
purity of the gases both in the original preparation (by 
electrolysis of aqueous hydrochloric acid) and in the actino- - 
meter by washing out all parts beforehand with a current of 
the electrolytic gas. By these precautions they could abbreviate 
the induction, but not entirely remove it. The next important 
work on the process, subsequent to fiunsen and Roscoe's, was 
done by E. Pringsheim.' This investigator did not agree that 
there was suffideot reason to postulate a specific "photo- 
chemical extinction " of light by the actual union of hydrogen 
and chlorine, differing from the "optical" and "thermal" 
absorptions of light in the mixture. He considered that, 
according as union was effected or not, the partition of the 
energy of the system between kinetic (translatory) and 
potential (rotational) energies would be different in the two 
cases. 

In the kinetics of the reaction course he distinguishes three 
sub-periods — 

(a) Total suspense, no perceptible formation of acid ; 
{b) period of varying velocity (acceleration) of change ; 
(<} steady period of constant velocity. 

g loo. Theories on Induction and DEDUcrioN. 

A comparison is often drawn between the velocity of a 
chemical change and the current in an electric circuit. The 
current, which is the rate of flow of electricity through a 
conductor b, as ii well known, given for a single simple 
circuit, in which the current is continuous and steady, by 

Ohm's Law. C = t^i where £ is the electro-motive force 

taken round the circuit and R is its resistance. But a 
chemical system, such as a mixture of H, and Cl« is, as in 
equilibrium, a closed circuit, or rather a system of closed 
circuits insulated in a medium of definite specific inductive 
capacity, e^. water-vapour, if air, etc., be excluded. One 
would anticipate, therefore, that on changii^ the flux of 
' E. PniiBsheiin, AnH. PAy,., VI, 384 (1887), 
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force through the sjrstem, by means of an inducing or primaiy 
circuit, videlicet the light-source, that some phenoroenon, 
analogous to the induction currents discovered by Faraday 
in a secondary circuit parallel to the primary, would occur. 

Now although the phenomenon of chemical induction in 
the case of H,/Clg mixture is sometimes said to be different 
from the rxagniied cases of sympathetic or coupled chemical 
changes,' for which Kessler proposed the term idiochemical 
induction, there is no doubt that the two merge imperceptibly. 
This will be the more apparent when we consider the further 
analysis oi photo-halogen izat tons, especially with chlorine. 
The essential phenomenon of idio-chemical induction is that 
a slow reaction between, say, A and B, is accelerated by a 
simultaneous rapid reaction between A and C It is desirable, 
in order that the completes! generality be given to the state- 
ment, to state that a reaction of variable velocity between A 
and B is regulated (i.«. either accelerated or retarded) by a 
simultaneous reaction between A and C. If, possibly owing 
to accessory circumstances not inherent in its nature, the 
reaction between A and C (the rapid reaction) is the faster, 
it is termed the primary change, the slower change is termed 
the secondary. The substance taking part in both is called 
the actor; that reacting with it in the primary, the induitor; 
and that reacting with it in the secondary reaction, the aaeftor. 
This disposition then has considerable analogy with that of 
the mechanism of induced electro -dynamic currents. Evidently 
the problem becomes more complex if this interference is 
extended, so that neither B nor C are unambiguously limited 
to reaction with A. Both in practice and theory, it becomes 
desirable, from an economic standpoint, to reduce such a 
possibility to a minimum, and this can be effected actually 
by couplil^j the primary or primitive reaction, of A and C 
with a force majeure, an inprimitive aetion which can be 
reckoned as constant and independent, for the observable 
periods, of the 'primitive and secondary reactions. An 
example wilt make this clear. Suppose the rapid reaction 
of C with A to be the chemical change in a light-source, 
' /^. Ann., 119, %\% (1S63). 
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the slow reaction of A with B to be an induced photo-chemical 
change. Then the inprimitive action is the power controlling 
the working of the light-source, independently of its induction 
of the reaction between B and A. Under such a condition, 
we study photo-chemical equilibrium reduced to its simplest 
terms, so far as heterochemical change, between different 
elements is concerned, but we have to deal very definitely 
with the nature of the process in the light- source. Now 
suppose that the light-source itself may be regarded as 
inprimitive, and affecting the mutual induction of the reactions 
of A with B and of A with C. We shall find that oue possi- 
bility is that the side-reaction or secondary reaction may so 
control the primary that the reaction in this takes place with 
^fadU velocity instead of with an infinite velocity. The proof 
of this would be furnished if, on reducing the possible influence 
of B to a minimum, the primary reaction took place with a 
velocity approaching infinity, that is virtually, with the speed, 
ex hypothesi infinite, of the inprimitive process. 

We shall see that this case has been experimentally 
realized for the reaction between hydrc^en and chlorine, in 
which the influence of third components was made nil. In 
this case it is a matter of convention whether the third com- 
ponent be termed the acceptor or the inductor, the terms become 
interchangeable. In the case referred to, the investigators 
termed the third component the inhibitory substance or 
inhibitor.' The analogy between electro-magnetic induction- 
currents and photo-chemical changes may be regarded as 
firmly established, both from the experimental parallels which 
can be drawn, and from the electro-magnetic theory of light. 

The phenomena of the mobile photo-chemical equilibrium 
correspond closely with Lenz's law for induced currents : the 
direction of an induced current is always such that by its electro- 
magnetic action it tends to oppose the displacement. This holds 
for variation in the strength of a current, which produces in 
the circuit through which it passes an induction current 
superposed on the principal current, and opposing the actual 
' U. L. Cbapnuui and F. S. MacMabon, Tram. Cbim. 5<v.,9T, II. 845 
(1910). 

T.P.C. X^' 
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varia&en of strength, tending to dimmish oae which is ii 
ing and increase one which is dimiaisbing. That is, this 
TMiriaHoitf the induction of a current on itself (which may be, 
primA facie, positive or negative), which is termed self-induction, 
gives rise to an extra current. If we consider that the atoms 
of chemical elements are, electriatUy speaking, self-dosed 
circuits of electro-magnetic forces, which, according to some, 
possibly periodic, function, vary between a conductiag and 
an insulating condition, so that the atoms of the same element 
may on occasion attract each other, on occasion repel each 
other, we should expect to find useful analogies, for quantita- 
tive purposes, between the vaiiation of this idio-chcmical 
affinity, oi residual affinity, and the variation of observable 
electric currents. 

Whilst Ohm's law is a necessary and sufficient expresnon 
for any simple self-closed circuit traversed by a continuous 
current, the expression for a complex circuit, with variable 
self-induction and capacities of several sub-circuits assumes a 
more complicated form. 

In any circuit, the total flux of force is proportional to the 
current, and may be expressed by 

. F=.S.C 
where S is a factor dependent upon the actual geometrical and 
other dispositions of the circuit, and is the coefficient of self- 
induction. It is a quantity of the same kind as the coefficient 
of mutual induction of two circuits. In the case of any varia- 
tion of the current, the self-induction gives rise to an E.M.F. 
tendii^ to oppose the variation, chemically speaking, to a 
reflex liberation of aflinity contra-valent to the first transient 
variation, and which we can express either inversely, by 

W 
€ « p , where W is the work done in unit time as the resttlt 

of a current of strength C, or, directly, in terms of its generating 
fimction F, as « = — -^i the negative s^;n being given to make 
this the expression of Lenz'a law. The two equations 
.= -5andF = S.C ,.. 
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give, when S is constant, 



Hence, when -j. is positive, that is, the current is increasti^. 



there is a negative E.M.F. due to self-induction, when -^ 



rfC . 
dt '* 

n^ative, that is, the current decreasing, the E.M.F. of self- 
induction is positive. Whenever the current is of constant 
value 

dC 

the E.M.F. of self-induction is zero. These expressions are 
adequate to interpret the phenomenon of photo-chemical in- 
duction, and further, in an approximate manner, the [^enomena 
of fluorescence and phosphorescence, which correspond to the 
case when the "extra-current" of self-induction takes visible 
form. 



S lOI. EnERGV NECESSARY TO ESTABLISH A StEADV CHANGE ; 

THE Intrinsic Value and Inertia of a System. 

If, electrically speaking, there were no such thing as self- 
induction, an E.M.F. E applied to a circuit of resistance R, 
would instantly occasion a current of strength C = ^. Similarly, 

if there were no such thing as residual affinity, chemically 
speaking, or idio-chemical interaction,* every mechanical 
modification of a system, every impulse, applied to a system 
in equilibrium, would instantly give rise to a proportionate 
physical displacement. A perfectly mobile fluid would corre- 
spond to such a state of affairs. But the E.M.F. of self- 
induction entails a more or less gradual process in establishing 
a current, and the same is true of a chemical change, of which 
indeed an electric cunent is a single valued manifestation. 

* ConpruiDg the tesultant of both idk>.chemicU 
chtiDUCol i«pulMon. 
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Duting the vaiiable period at the commencement of a 
current (or displacement of a quasi-static equilibrium) more 
energy is afforded to the receiving system from the source 
than it disposes of or transmits. This energy is stored up in 
the receiving system and increases its total energy. In a 
circuit with no variation of the flux, no self-induction, we have 
for the energy-consumption per unit time 

Co being the current in this state of invariance. Taking 
variation and self-induction into account, we have 

YSZdt = CSJi -f CrfF 

where C, the current, is not the same as Cg. </F is an increment 
of the flux of force through the system due to a variation in 
an independent field of force. Representing the total flux 
as before by F = SC, we have dh' = S(^, and hence we can 
transform the foregoing equation to 

EtV/ - CKJi = ZC^ 

when ZOAJ is the excess energy stored up and not instantly 
transmitted. 

If we write W for the total energy thus stored up while the 
current changes from a definite initial value Cg to a definite 
final value C, we have 



W 



= jSOiC = JS(Cr' - CO 



Jf the initial value of Q be zero, this gives 

W = JSC* 

as the work necessary to establish the circuit. Suppose H be 
the total E.M.F. of the source, R the total resistance, S the 
self-induction of the system, and C, the final strength of the 

current when uniform, f.«. C, = =■• 
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All the time the current is increasing in strength from o to 
C„ we have for the E.M.F. at any instant 



which we can write 






<i-c) 



since £ and R are constant. 
Rearranging, we get 

-E— s* 

or, calling the expression in brackets U 

'■'■ ~ Sv- •- s"' 

Integrating, for a time-interval such that ^ = 1 at the 
time t,=t,o when t= o,we get 

log, U - log, (U + C) = - ^/ 
and, reanunging and setting up inversely 

where E is the base of natural logs, and A is the quotient 
of the self-induction of a varying circuit It is usually called 
its time-constant. Once the variable period of establishment 
of a circuit of induction of a definite chemical reaction is 
acct>mpli^ed, its time-constant is negligible, 
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j loi. The Deduction Pbriod. 



If, when the cnrrent has become steady, the impressed 
E.M.F. is cut off {as when in a photo-chemical change the 
light flux is interrupted) the resistance may be re^rded as 
unchanged, but the value of E becomes o. Hence we have 

CR+S^ = o 

whence "C" S 

Then, for integration, we have, when 1= o,(^ = Q^ = -^ 

A 1 C R^ /■ 

and log.^^=-g/=-j^ 

i.e. C = C^i 

a law which characterizes also the Jailing away of the photo- 
lytically induced chemical activity of a chemical element. 

These laws hold for the simple case of a single electrical 
impulse, which would correspond to a momentary exposure of 
a system to light When a series of such impulses are afforded 
in more or less rapid succession, it frequently happens that not 
only the electric-motive force has to be considered as variable, 
but also the resistance. There are phenomena of photo- 
electric and photo-chemical fatigue and recovery which corre- 
spond to this which will be referred to later. 



§ T03. Induction with Chiorine and the Drafer 
Effect, 

Draper' considered that chlorine which was insotated, 
i.e. exposed to radiant energy, was rendered active, that is 
to say, that its chemical affinity was enhanced. He found 
that chlorine previously exposed to light combined more 

' J. W. nraper, Phil. Mag., I3I U, r (1844). 
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readily irith hydrogen in darkness or weak li^t than non- 
insolated chlorine. This statement was traversed by Bunsen 
and Roscoe, by Becquerel and others, but Sevan' has shown 
that bilute to reproduce this Draper effect was due to passing 
the chlorine subsequent to insolation through water, which 
deprived it of its induced acdvity. Actually, this activation 
has been confirmed by several observers, and it is found 
that it may be produced not only by sunlight and artificial 
illuminants, but also by the silent discharge, and that, with 
suitable precautions, it can be brought about almost instan- 
taneously. The deduction of the activity, with respect to 
hydrogen, was found by Mellor' to fall off according to the 
exponential function 

the value of the " damping coefficient," the reciprocal of A, the 
time-constant considered in the foregoing discussion, being 
3*2. Russ' found that chlorine exposed both to light and 
the silent discba^e {iffiuve electrigue) acquired an activity 
with regard to benzene, the influences superposing, but vary- 
ing with the dryness and temperature of the gas. Both 
moisture and heat accelerated the deduction. 

From a study of the reaction in light between chlorine and 
carbon monoxide, Wilderman* concluded that the phenomenon 
of induction required the assumption of a new " light kinetic 
potential tut generis" by the absorbing substance. E. Baui° 
terms this capacity of the insolated molecule its " light-content," 
on the analogy of capacity for beat, and postulates that the period 
of induction is that required for the installation of this state. 
The reaction-beats of substances 'interacting in light must 
differ from those of the same reactions in the dark, the entropy 
being differently affected. As we have seen, self-induction in 
electric currents is a quantity of the same kind as mutual 
induction. If two circuits, each traversed by a current, are in 

' Phk. Key. Sm., 78, 5. 

' /*w. Citai. Sx„ aO, (40. 

' Cim. Cttitr., 1, 14S9 (1905). 

' Z«/./>4/'- CA^«'-.4i. 89(1903). , 

* Zfit.phyi. Citm., at, 683 (1908). *- .OOglC 
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presence of each other, the total energy is not simply the 
arithmetical sum of the intrinsic energies of the separate 
drcuits, but equals this plus the energy due to tbeir co- 
existence. If C and C are the strengths of two currents, 
S and S* the two coefficients of self-induction, and M the 
coefficient of mutual induction, the toul energy is 

T = }SC» + JS'C* + MCC 
We should expect, therefore, that where molecules of different 
kinds are insolated together, preferential activity would be 
shown between species for which M, the coefficient of mutual 
induction, had the largest value. This view is in harmony 
with the part assigned to the formation of intermediate 
compounds in chemical change. In the case of photo- 
chemical reactions, it is rare that examples of one single or 
even of two species of bodies are insolated, both the matter 
and the radiant energy are generally more heterogeneous, so 
that the resultant ciiange depends upon the settlement of many 
minor encounters before it can be characterized as uniform. 



§ 104. Intermediate Coupounds and Pringsheim's 
Theory. 

For this reason, much is often to be learnt concerning the 
nature of a change by making the insolation definitely inter- 
mittent. Pringsheim ' submitted the hydrogen-chlorine mixture 
to light from an intermittent dischai^e. He found that there 
was a rapid preliminary expansion (that is, a counter-effect to 
the contraction indicating combination) followed by a rapid 
return to kcto and then a slower contraction. Budde * observed 
the same effect with chlorine alone, and suggested that a 
dislocation of the chlorine molecule into atoms took place : 

C!,.^C1-|-C1 
Pringsheim partially adopted this view, and considered that 
then the chlorine atoms reacted with water-vapour to form 

' E. Pring«hrim, Am. Pkyt. u. Chtti., 8T, 384 (1874). 
' /V«y.^«f.., 144,318(1871). 



DYNAMICS OF PHOTO-CHEMICAL CHANGE 281 

chlorine monoxide. Here it may be pointed out that 
supposing the dissociation to take place and consequently into 
electrically equivalent doublets, so that this expanded phase 
of the chlorine might be represented by some such con- 
figuration as that on the right hand of the scheme : — 

light CI CI 

u.v. and - + 

dark beat CI C! 

then the radiation absorbed as light by the chlorine molecule 
may be regarded as anomalously dispersed, and as re-emitted as 
infra-red and ultra-violet rays on re-contraction of the expanded 
phase, above all in the presence of matter capable of having 
its equilibrium perturbed by such radiations, but not by 
ordinary light : for example, the chain of perturbations of the 
equilibrium of oxygen and hydrc^^, originally in the fonn of 
double molecules of H^O, may be represented as regards the 
thermal effect, by 

! N 
\ £ / 

for the thermal mokcular dislocation ; and as regards the 
necessarily concomitant idio-chemical change in the inde- 
pendent elements 



H H O O 

for ultra-violet atomic dislocation. 

The essential feature is the generation of the naicenl state 
of the elements concerned, with the consequent opening up of 
greater chance of formation of otherwise difficultly attainable 
combinations, formed on cessation of the light-ray as new 
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equilibria, in which the constituents are gionped or ordered in 
a different manner, 

Pringsheim drew attention to the importance of the vapour- 
pressure of water for the reaction between chlorine and 
hydrogen. He found, usiog instead of water alone as the 
indicating liquid, water saturated to its full capadty with 
hydrochloric acid, that the action on exposure to light was 
diminished to ^ of its value. (This agrees with the reversi* 
bility of the reaction 

H, + CIu^iHCl 

in ultra-violet light as found by Coehn.) He suggested that 
the reaction occurred in two stages, involving the decomposition 
and recompodtion of a water gas-molecute as follows : — 

I. CI, + HjO = CljO + H, 

n. 4H, + CljO = HjO + 3HCI 

Mellor has objected against this tiiat CltO is more soluble in 
water than hydrochloric acid, in the proportion of 5 : i. But 
this does not necessarily militate against the intermediate 
formation of Cl^O in a skin of hydrogen, a shell temporarily 
protecting it against dissolution in water. 

Gautier and Helier ' suggested as an alternative sub-cycle, 
the two reactions 

I. CI, + HiO = HOCl + HCI 

IL H, + HOCl = HaO + HCI 

Against both these Mellor finds that the addition of traces of 
CljO and HOCl to the reacting mixture has little effect on its 
course. He si^ests that an indefinite adsorption-complex of 
HeO/C12/Hj is formed, which then splits up, yielding HCI and 
water. 

The probability of the formation of some kind of inter- 
mediary complex is strengthened by two sets of facts. The 
first is the phenomenon noticed by Pringsheim, that under 
certain conditions the reaction in light was attended with an 
audibly evident pulsation (knittemdes Geraiisch), which would 
be consequent with an oscillating discharge of electro-static 
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fields ^ving rise to acoustic waves of small amplitude. Photo- 
phonic phenomena of this type have been observed in other 
cases, with poious solid media, and are obviously contingent to 
a photo-chemical change in a gaseous medium of some mass, 
propagated through it in small explosion -waves. 

The second is the nucleation and formation of clouds 
already referred to under the general discussion of the action 
of ultra-violet rays. As remarked then, this phenomenon is 
intimately dependent upon the presence of traces of vapours, 
analytic impurities in regard to the primary reaction, and 
which can act sometimes as positive but more often as negative 
catalysts to the reaction selected as of principal interest. So 
far as concerns the ehtmieal explanation of the variable initial 
period (analyzed by Fringsheim, in the case of Ha, CL, water- 
vapour, into {a) preliminary recoil, with no formation of HCl, 
{b) sub-period of aaikratiim of rate of formation, (c) steady 
period with unifonn rate of formation), we have the following 
four kinds of explanation r — 

(i.) Idio-chemical induction of the atoms of the elements, 
or period of attainment of their light-content (Draper, 
Wildermann, Baur). 
(iL) Formation of definite, singular intermediate compounds, 
breaking up to molecules different from the original 
ones to some extent (Pringsheim, Gautier, and 
Villers). 
(iii.) Formation of indefinite adsorption or addition com- 
plexes, yielding hydrochloric acid as. by a process 
of isothermal distillation. Compare the suggestion 
of Mellor. This hypothesis agrees roughly with 
Weigert's postulatk>n of heterogeneous nuclei, similar 
to or identical with the nuclei of condensation in 
vapours (p. 303). 
(iv.) Negative catalysis, due to traces of " impurities," 
which enter into side-reactions with one of the com- 
ponents. This explanation regards the retardation 
as the time taken in destroying or removing impuri- 
ties, rather than as that essential to the formation, 
duration, and decomposition of intermediate bodies. 
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Such may be formed in small quantities, but they sie 

not necessarily indetenninate, but rather minute 

quantities transiently fonned of well-known bodies 

(Chapman and Burgess). 

These explanations all compenetrate or overlap to some 

extent, and, chemically, it is possible that the variable period 

is determined rather by an indefinite number of contributory 

causes than due to a single origin. 

So far as Pringsheim's theory is concerned, it appears 
certain that water-vapour plays a considerable part in this as 
in many other reactions. 



5 roj. Condensation-Nuclei, 

The influence of ultra-violet light in precipitating saturated 
vapours in the form of fog or mist, a^regates of microscopic 
and ultra-microscopic droplets which, if not again dissipated, 
condense and fall as a fine rain, has already been mentioned. 
It will be remembered that true gasa and vapours are states of 
matter which merge quasi-imperceptibly into each other 
according to the " saturation " of the vapour.' There b 
evidence that this " saturation " of the vapour phase is con- 
comitant with the degree of association of the single gas- 
molecules in molecular-complexes of different orders of 
association, but this image from the molecular kinetic theory 
is drawn in to supplement the inadequacy of thermodynamics 
when transferred from the general statement of abstract 
relations between ideal systems to the specific facts of practical 
experience. 

By definition, a vapour is " saturated " when in equilibrium 
with a definite mass of the liquid phase. As is well known, 
it is possible to find a particular congruence of temperature, 
pressure, and body of many substances for which the usual 
evidence of mechanical discontinuity of state between vapour 
and liquid disappears. This point is known as the critical 
point, only it should be noticed that its arrival is simultaneous 

' Cf. S. Youne, SUUhitmttry, ihUscriMi p. 114. 
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with the appearance of a fine optical heterogeneity or opales- 
cence in the system-^ There is evidently a partial s^egation 
of the substance, even here, into loci of alternate condensation 
and rarefaction, of greater and lesser density. These inhomo- 
geneous portions cannot be termed actually liquid and gaseous, 
for the overt characteristics of these states are temporarily 
suspended at the critical point, but they are potentially so. 
We may term them, to fix our ideas, liquido-genic and gaao- 
genic respectively, and remark that a definite interfacial tension 
must obtain betnecn the molecules in die one and the other 
disposition.* 

That a real difference exists between the liquido-genic 
particles and the gaso-genic ones is strongly suggested by the 
essential facts characterizing the critical point. It does not 
suffice to compress a gas to liquefy it, if one does not simul- 
taneously diminish its internal heat, lower its temperature. 
This one effects most readily, ultimately, by first submitting 
the gas to considerable compression, then allowing it oppor- 
tunity to suddenly expand in one direction. 

Synchronously with the pulse of rarefiaction but opposite in 
sense, that is, back into the deeper layers of compressed gas, 
there travels a pulse of condensation, the course of which is 
traced by the formation of liquido-genic particles, owing their 
genesis to the Joule-Thomson effect in the gas. These particles 
are readily grouped to a true fog-nucleus or colony of such 
nuclei, and, with sufficient precautions as to auxiliary cooling 
and shielding from radiation, on repetition of the process, 
soisible quantities of liquid are obtained. 

What is characteristic, for a critical temperature fixed by 
the nature of the body, of the kind of condensation effected 
(whether stationary mist or falling rain, or what not) is the 

ratio of — : in a stroke. Ceterus Pariius, 

expansion pressure 

for the same substance, the greater this ratio the more definite 

the permanent alteration of state effected. Thus, it most be 

' Cr. S. Young, SlaUhiaiutry, this leries, pp. ill it fiy. 
' Cf. G. Bakker, " Theorie do la Couche Capillaire Plane dcs Corps 
ruts.," Samliti, No. 3a (Uauthier-Villara, Paris, 1911). 
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greater to effect opaque cloud-formation than for translucent 
misL Per centra, preliminary addition of nuclei, such as dust, 
will lower the value necessary to effect the same apparent 
altemtioD. 

We are dealing here with a phase of the general problem 
of the propagation of waves of shock in a continuous medium. 
The ratio in question is closely analogous to Hugoniofs 
"coefficient d'^lasticit^ adiabatique isotheimal" a.' Now, 
one way ^ introducing nuclei in the system which defrtss the 
coefficient a, i.e. the value of this for a specific stage of 
development of the liquid state, is the insolation of the gas- 
vapour medium by radiant energy. The following tables show 
the results of experiments in this way with {water-vapour, 
chlorine) and (water-vapour, chlorine, and hydrogen) : — 





Table XX 




From Bevan 


Pha. Tran4., 


A. »>3, 71 (1904). 


Sy^m. 




.=^..11^. 


Chlorine (walet-v«pour) 

Chlorine 

Hydrogen (water-vapour) 


Fine run 

Clond 

Rain 

Clond 


1.^ 

I -13 

1-32 



Not only is a definite influence of light shown, but it 
would seem to be more marked when the reaction forming 
hydrochloric acid was possible. Further, when the formation 
of the acid had started, it was found that " expansion " to the 
cloud stage stopped the formation. 

I II. Hngoniol, yewH. Maths, ptira. a//., [4] >> 477 (1887) ; t, 153 
(iSSS). Cr. also J. W. Mellor, Statics and DynamUs, iliis series, p. 460. 



giiizcdt* Google 
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Tablb XXI. 
Ffom Biugen and Cfaapoun {lee. at.). 



I CI, (waler-vapoui) 



Fine tain 

Rain 

Clond 



■ IdUdhwUu 

l«h(. 


■ (bebkwhiie 
ligkt. 


• ydlow 


1-38 to 1-43 


'■43 

1-44 
"■47 
'5' 


1-43 
'■4 
1-4 
1-5 



From theiT expcTiments Burgess and Cbapraan conclude 
that the formation of these nuclei is not essential to the 
production of hydrochloiic acid. But there seems consider- 
able evidence in favour of the view that the physical con- 
densation (change of aggregation-state of water, etc.) and the 
chemical metathesis are absolutely concomitant and inter- 
dependent. The process of diffusion, for example, is too 
often treated as if it were a single-valued mechanical process, 
uninfluenced by chemically selective considerations, a view 
which the specific chemo-tazes and tropisms of colloid particles 
entirely contradicts. What is peculiar to the nuclei in the 
chlorine-hydrogen photolysis is that electrically they seem 
stubbornly neutral. J. J. Thomson could detect no free ions 
in an insolated mixture of chlorine-hydrogen, neither durii^ 
nor after the Draper effect, and this is confirmed by Lenard.' 
But, save when a unilateral field of force is employed to 
measure the charge, velocity, and magnitude of these corpus* 
cular rays, it is possible that they travel rather as Bragg suggests 
for Rontgen-rays, as neutral couples or neutrons of a and ;9 
rays, and that this neutral couple, when impeded in the gas- 
miztiire, effects the metathesis without there being necessarily 
any evection of free-cbai^ed particles, which, as Lenard points 
out, is not necessarily a feature of free photo-chemical change, 
but more often a forced side-issue, very possibly antagtHiistic 
in its working to the progress of photo-chemical change proper. 

' 3iVf. itr. /laAii/rg, AiaJ., Abb. 31, I (i9>o)- 
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§ io6. Induction and Negative Catalysis. 

The influence of traces of analytic impurities oc the 
combination of chlorine and hydrogen was noticed by Bunsen 
and Roscoe, as well as the sensibility of the variable period of 
induction to these.' They found that small quantities of 
air could greatly dilate the variable period, and appreciably 
depress the maximum (uniform) velocity. Excess of hydrogen 
beyond the theoretical equivalent proportion depressed this also, 
and prolonged the induction. Thus 03 per cent, excess lowered 
it from 100 to 37 per cent., 0*5 per cent, of oxj^en from too 
to 47 per cent., 13 per cent, of oxygen from 100 to a"i per 
cent., excess of chlorine having much less effect As it is 
convenient to have a single name for these effects of gases on 
each other's reactivity, we shall occasionally use the term 
" atmolysis " to cover the ambit of the phenomena. Wilder- 
man, in his investigation of the formation of phosgene in light, 
observed similar interference of added gases and impurities ; 
whilst G. Dyson and A. Harden' observed that the induction- 
period for this reaction was very variable and dependent on 
the preliminary stages of preparation. 

Burgess and Chapman, having arrived at the conclusion 
that the variable period of induction was, chemically con- 
sidered,^ predominantly engendered by the presence of 
foreign substances in small quantities, made a very careful 
search on the nature of the inbibitive substances in the 
Hj (^ CL, reaction. They obtained the following results : — 

(d) Ammonia, or compounds capable of yielding ammonia, 
in the mixture of chlorine and hydrogen gives rise to 
marked photo-chemical induction. 

(b) Impure water contains compounds only slowly destroyed 
by chlorine at ordinary temperatures. 

{<r) The impurities yielding ammonia may be removed by 
chlorine in light, or by heating to 100° C. 

' Po^. Ann.,\«i, 500(1855). 
' Tram. Chtm. Sot., 88, 30I (1903). 

' The iipecific chemical inteipieUtioa of the oiigin of uiduclion docs 
not afTcct tbe maihenuttical theory. 
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{d) The actual inhibitor in the case of ammonia is probably 
NCI], as direct addition of this compound produced 
the symptoms. If freed from impurities, slight excess 
of either hydrogen or chlorine does not affect the 
sensitiveness. 
The inhibitory action of NCI3 is attributed by Chapman 
and Burgess to the installation of the sub-cycles 
NCI, + 3HCI T^ NH, + 3CIa 
NCI. + 3H^ ^ NH, + 3HCIO 
by which a certain equilibrium-concentration of ammonia 
would be mainuined, and the actual formation of HCl 
reduced. 

Other experiments showed that SO, could act as an 
inhibitor, and, in agreement with Bunsen and Roscoe's work, 
and with Goldberg's research on the photochlorination of 
benzene, that free oxygen can play a great r^U in such 
atmolyses. As in the case of ammonia, the oxygen is used 
up or fixed in the interaction but may be re-supplied from the 
walls of the vessels, thus originating a fresh inhibition. 
Burgess and Chapman suggest that in this specific case 
(formation of HCI) its effect may be represented by the 
scheme 

O, + 4HCl^aCL,-f-3H,0 

Everything points in these photo-chlorinations to chlorine 
itself as being the preponderantly light-sensitive substance, 
the reactions with hydrogen, ammonia, sulphur dioxide, 
organic vapours, instantly developing, as it were, the latent 
image impressed by light on the chlorine. In consequence, 
the activated chlorine can, as we shall see, act as a photo- 
ferment to other reactions not directly sensitive to light. 

§ 107. The ROle of Oxygen in Photo-chemical 

Chances 
The marked desensitizing effect of oxygen in photo- 
chemical change was observed by E. Goldberg ' for the 

' Ziit.fhys. Cktm., M, 43 {t^job). 
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photo-chlorination of benzene, the efficiency of which can 
be enormously raised by scrupulous elimination of oxygen, or 
conversely, greatiy impeded by its introduction. The same 
holds for the photo-chlorination of xylol, etc. Goldberg 
si^gests that oxygen may be regarded as a specific poison to 
chlorine in regard to photolysis, but the same action of 
oxygen has been shown by lodlbauer and Tappeiner' and by 
C Winther' to interfere similarly with the sensibility of 
the mercury oxalate r-^ oxalic acid actinometer of Eder, and 
there is evidence that it plays some part in the photolysis of 
the silver halides {v'ldt p. 37 1). 

Recent experiments of Chapman and Burgess have shown 
that on carefully removing oxygen from an electrdlytically 
prepared mixture of chlorine and hydrogen, the sensitiveness 
of the mixture to light, as measured by the rate of combina- 
tion, may be indefinitely increased by the purification, tending 
to become infinite as it is pushed to extremes. This may 
be expressed as follows. Suppose the effective ene^ stored 
up on absorption by chlorine from mono -chromatic light of 
intensity J be (AE) per unit volume, and let [Oj be the 
amount of oxygen present in this volume. Then as a first 
approximation we may write for the rate of discharge of 
this energy 



Since oxygen is very transparent for the part of the visible 
(and neighbouring invisible) spectrum absorbed by chlorine, 
we can write the rate of charging of the chlorine by light as 

+ d, -^'i 
where J is the hght-intensity. 

Hence, in the steady state when the processes are equili- 
hrated we shall have for the photo-chemical equilibrium 
KJ « K^iE)[0,] 

' Ber., S8, 260* (1905). ■ Zdl. will, PAol., 7, 409 (1909). 
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the ratio j^' being the economic coefficient. Hence, the 

effective energy at any instant in the steady state is directly 
proportional to the light intensity and inversely to the con- 
centration of oxygen. We may assume that the velocity of 
combination of chlorine with hydrogen is proportional to this 
effective energy, the reaction 

H, + CI,?=i3HCl 

being made unilateral and complete by exclusion of reversing 
factors. 

In consonance with this hypothesb they found that the 
product of sensitiveness multiplied by the concentration of 
oxj^en was approximately constant, indicating an inverse 
relation between the initial velocity of change and the con- 
centiation of oxygen. These experiments indicate that the 
inhibition afforded by oxygen is rather of the nature of an 
active impedance, consequent upon the exercise of its affinity, 
whether with chlorine or hydrogen, or both. 

It has been shown by C. Winther' that oxygen plays a 
similar riU in the photo-catalysis of the reaction of a solution 
of mercury bichloride and ammonium oxalate in light. Upon 
insolation, this double solution deposits mercurous chloride 
and gives off carbon dioxide. It is usually termed Eder's 
solution, having been adapted by this photo-chemist to 
actinometric usage.' Eder noticed that there was an 
induction-period, the reaction being followed by weighing 
the calomel precipitated, and this he attributed to the 
necessity of the solution becoming saturated (or rather, super- 
saturated) with the sub-salt before precipitation could occur. 
Further he showed that there was a considerable optical 
extinction concomitant with the reaction, for the effective 
region of the spectrum. In a subsequent investigation of 
the change, Roloff' came to the conclusion that the actual 
reaction did not take place either between the undissociated 

■ On the Eder solution, 2<>r. wtrr. /Ka/., VII., 409(1909). 
' J. M. Eder, Si(%. htr. d. IVitH. AkaJ., 1879. ,-. . 

* ZciLpkyiik. Cktm., «, 3*9 (1894). ' ' L.OOgle 
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molecules, nor between the complexes which the solution 
could be shown to contain, but between free mercury ions 
and oxalate ions, according to the scheme 

2Hg" + CO," = aHg" + jCO, 

This be supported by the effect of different additions — 
chloride, nitrate, and mercury ions, end carbon dioxide. The 
last had the unexpected effect of increasing the sensitiveness, 
which Rotoff attributed to " optical " sensitizing (vide Uter, 
p. 435). It would be quite possible, however, that it acted 
auto-catalytically in helping to discharge the carbon dioxide 
yielded by the reaction. Later researches of lodlbauer and 
Tappeiner' showed that passing a current of hydrogen 
through the reacting solution had the same effect, as well 
as evacuation, whilst purified oxygen (up to 3 atmospheres, 
pressure) showed a powerful desensitizing action. Already 
Kastte and Beatty'had found a series of positive catalysts, 
acLing in very small concentrations, as well as certain negative 
caulysts, for this reaction. Later, Gros,' woiicing on the light- 
sensitiveness of fluorescein dye-stuffs, found that small 
quantities sensitized the Eder solution. This was further 
investigated by lodlbauer and Tappeiner,' who tried a great 
number of fluorescent dye-stuffs, and found that only the 
fluorescent ones were effective. 

Winther's investigation was concerned with a prolongation 
of Kastle and Bealty's work. The positive caulysts found 
by these workers were — potassium permanganate, iron chloride, 
iron alum, gold chloride, platinic chloride, thallium chloride, 
chrome alum, uranium nitrate, potassium bromate, ammonium 
persulphate, chlorine water. As negative catalysts, potassium 
chromate, bichromate, and chromic acid. 

Considerable difference in the strength of the catalytic 
influence of these was observed. Winther found that cerium 
salts, potassium ferricyanide, and potassium iodide (in ddect), 

■ Sir.,u, 2603(1905). 

'^Amtr. Ciem. youm., M, iSl (1900). 

• ZriU<hr. fkyi, Chem., 87, 157 (I9or). 

* Loe. cil. Str., St, 2603 (1905). 
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retarded the change, in decreasing order of efficiency, whilst 
potassium iodide (in excess), copper salts, potassium tin 
chloride, and many organic dye-stuffs accelerated it. 

It is noteworthy that practically all these bodies contain 
in the higher stage of oxidation elements capable of more 
than one oxidation stage. Yet such oxidizing agents appear 
both as positive and negative catalysts. Winther succeeded in 
showing that the chlorine water was not a true photo- sensitizer 
since it had the same effect in darkness uiwn the precipitation 
of calomel. Its influence is due to the coupling of the rapid 
reaction between chlorine water and ammonium oxalate with 
the slow reaction between ammonium oxalate and mercuric 
chloride, the chlorine-water being decomposed in definite and 
small proportionality to the calomel precipitated. 

Further experiments showed that the Ications Fe, Mn, Ce 
were peculiarly effective photo-catalysts for the reaction. In 
the case of iron salts, the essence of the process was found to 
consist in — 

(i.) Rapid reduction by light of ferric oxalate. 

{ii.) The ferrous iron thus formed reduces mercury chloride, 

precipitating calomel, 
(iii.) Since the fenous iron produced in the lirst reaction 
is susceptible to autoxidation by dissolved oxygen, 
reduction of the concentration of this last accelerates 
the precipitation of calomel, 
(iv.) Excess of ferric salts prevent the precipitation of 
calomel, hence there is an optimum concentration 
of the ferric iron for photo-catalysis. This inhibition 
increases considerably, for 3 given concentration of 
ferric salt, with the diminution of the oxygen con- 
centration, so that the optimum concentration of 
\toa varies with the coi>centration of oxygen present. 
In a further communication on the subject, Winther 
states — 

(i.) The induction-period is the time during which llie 
dissolved oxygen is mostly consumed. 

' Winllier concludes ihal it lias nothing ro do «iih the "lime of 
hitiuatioo " or solution with calomel. Dot, u in (he cue of gas-reactions 
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(ii.) The inhibilii^ action of ox^en increases rapidly as 

tiie concentration of iron is diminished, 
(iii.) With increasing con<%ntration of iron, the position of 
maximum apectial sensitiveness is displaced from the 
ultra-violet to the visible spectrum, so that the spectral 
sensitiveness curve depends upon (he content of iron, 
(tv.) No evidence for an essential photochemical extinction 
of light {vide p. 187) could be obtained with this 
reaction. 
(v.) The light-sensitiveness of Eder's solution is due to the 
presence of iron, and is directly proportional, other 
things being equal, to the concentration of this, 
(vi.) The purest Eder solutions so far prepared have con- 
tained iron. In the absence of this, mercury oxalate 
is not sensitive to visible rays. Up to x = 3r3 >xfi 
the Eder solution does not absorb more strongly 
than plain water ; beyond that it has its own ultra- 
violet absorption. 
This investigation is of singular importance in exhibiting 
such a well-known substance as iron as a definite photo- 
sensitizes At the same time, just as it confirms the view that 
the distinction, for photo-chemical reictions, between "optical" 
and "chemical" extinction of light is a very artificial one, 
incapable of experimental decision, so also the distinction 
between optical and chemical sensitizers for photo-chemical 
reactions is equally artificial, there being no real difference 
between them. Before, however, dealing with sensitizing by 
dye-stuffs in relation to the practically important silver salts 
and in organic photo-synthesis, we will deal with We^crt's 
researches on " jjioto-ferments." 

in l^ht, (he prodaciion of a prL'cijiilnte in a coherciil, coagaluted form is 
not entirely indoptndeni of the chemical chaogcs occurring in the syttein, 
lint is ralbcr inlimalcly dc|>cnilciil upon Ihent. Thu^ tbe iso-elctlHc point 
necessary for the pcecipilulion of colloid-compiexef is a fuDciion of llie 
rcaclion between the simpler electrolytes in a solution. It is interesting lo 
note that loillbauer nnd Tsppeiner ollseT^'e1l a distinct difierence in the 
texture of the calomel precipitale when the oiygen wM withdrawn, 
Iiutead of a definitely micro-crystalline deposit, Ibere wis a tloecaleDl, 
cloudy, culloid suspeniion. ^. 
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§ 108. Formation of Phosgene and Photo-ferments. 

The photo-synthesis of [^O^ene (COCl,) from chlorine 
and carbon- monoxide discovered by Davy, has been studied 
by several observers. G. Dyson and A. Harden' noticed a 
decided " variable period " of induction, and tbe influence of 
air, water-vapour, carbonyl chloride, and hydrochloric acid on 
the reaction. M. Wilderman ' made a very careful examina- 
tion of this reaction, in which exceptional precautions were 
observed in the control of the constancy of the light-sources 
and in the puriBcation of the material. The progress of the 
reaction, carried out in a thermostat, was measured with a 
manometer, which showed the difference in volume of the 
uncombined and combined gases. Theoretically 
CO -(- Ci, =F COCl. 
2 vols. I vol. 

Once the induct ion -period was passed, which Wilderman 
attributed to the excitation of the absorbing molecules to a 
new light-kinetic potential, he found that tbe reaction followed, 
for constant light-intensity, the ordinary mass-law, the course 
being giv^ by the usual bimolecular formula 

f = K(» -«)(»-*) 
where x is the amount of substance converted, a and b 
the original concentrations or active masses of the reacting 
bodies. Tbe velocity-constant K is proportional to the 
intensity of light. This ' formulation ha^ been regarded as 
flatly contradictory to any possibility of photolysis following 
a law similar to the law of electrolysis of solutions discovered 
by Faraday, according to which the rate of decomposition is 
proportional to the ene^y-consumption per unit interval of 
time and independent of the masses of the reacting substance. 
The whole logomachy on this point seems to result from a 
misunderstanding, and a confusion of relative, differential rate 
of transformation, which can only be inferentially determined 

' Wei's Jahrb.f. Phcl., 1903, p. 40S. 
' Zeitithr.physik. Chem., 41, 87 (I903}. 
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to an arbitrary additive constant, and absolute integral rate 
of transformation, as actually measured in finite differences 
experimentally, when a suitable value has to be assigned 
to the additive constant. In electrolysis, the assumption 
that the rate of electro-chemical decomposition is pro- 
portional to the energy consumed per unit time necessarily 
presupposes that it is identically proportional to the active 
mass of the substrate, which, however, in so far as the trans- 
vection across a plane section of the system of reacting 
material is maintained constant (uniform period when Ohm's 
taw is strictly followed) is resiipptied by the synchronous 
electro-osmosis at the same rate that it is electro I ytically 
decomposed, so that, theoretically, for the simplest limiting 
case, the rate is independent of the active mass. In onler 
that Wilderman's results should show a categorical contradic- 
tion between the processes of photolysis and electrolysis, it 
would be necessary to conduct experiments, not only at con- 
stant temperature and light-intensity for one value of the actual 
initial concentrations a and b (which are usually, in view of the 
stoichiometric relation of siafie equilibrium already determined, 
made equivalent, hence simplifying the kinetic equation which 



but also with a wide range of initial values, />. of working 
pressures in the actinometer, which is, from its construction, 
also a manometer. If the comparison between electrolysis 
and photolysis is justified, one should find a superior limit to 
the velocity for very high initial concentration, such as Luther 
and Weigert' found for anthracene, when total absorption of 
light was effected. Also it must be taken into account that the 
foregoing bimolecular formula, which is found valid for the 
reaction course disregarding the variable induction period, would 
equally represent an autocatalytic " mono-molecular" reaction. 
Wilderman postulates that a similar law holds for the 
mobile photo-chemical equilibrium as for thermo-chemical 
equilibrium, light effecting a displacement of equilibrium pro- 
portional to its " intensity." The application of this prindple 
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to the case of phosgene is disputed by Weigert.' He finds 
that phosgene is decomposed at fairly high temperatures, 
according to the equation 

COCl, ^ CO + CI, 
there being at 500° C. 65 P*' cent, dissociation. Light simply 
accelerates the installation of this equilibrium from either side ; 
that is, it acts purely catalytically. But the proposition that in 
such cases light does no work seems very questionable. As 
a mere matter of terminological exactitude it would seem that 
if light accelerates the decomposition of phosgene, in such'a 
case it acts analytically, whilst if white light, or heterogeneous 
radiation were employed, one would, in consonance with the 
antagonistic activity of radiations of different frequency, 
anticipate the possibility of displacement and readjustment 
of the displacement of equilibrium, i^. reversal as a furtction 
of the total duration of insolation, such as is observed with the 
silver halides. If we regard a system as completely charac- 
terized by its pressure P, temperature T, and a third variable 
Si'dll states of the system for which a certain simultaneous 
relation between these three variables is not satisfied will be 
either unstable or meta-slable. 

S 109. Catalysis and Photo-chemical Change. 
In order that idio-chemical change of constitution may 
take place in a single chemical element, which, like that 
typified in the scheme 

aO,^30, 
t 
may be regarded as an allotropic or allophysical change of 
state in two parts of the same monovariant system, or that 
heterochemical change of kind of combination may take place 
with two chemical elements, as typified by the scheme 

P 
2HCI ^ H, + C!., 

/ 

' Cf. P. Duhem, Mitaiiiqui Ckiniiqut, T. I., p. 209 (Paris, Hermanii, 
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the presence of a third component frequently appears essenti^ 
But the two cases cited are not quite fxa. all fours. There may 
be reason to postulate an extraneous determinant of the allo- 
tropic modification of state of a single element, for want of 
any overt reason of cbai^e, of, say, ozone molecules into 
diatomic oxygen-molecules, or conversely, but no such reason- 
inS) ^priori, seems applicable in the second case, because the 
postulated dissimilarity and heterogeneity of the two elements 
ccmcerned is already nominally sufSdent reason for at least an 
inkrmittency in their reciprocal relation, i.e. for a periodicity of 
some order in regard to the formations and dissolutions of 
their union. None the less, the facts grouped under the term 
" catalysis " exist, whether the explanation by a ter/ium quid be 
nearest the truth as to their origin, or whether the term be a 
cloak for our ignorances of the real nature of chemical change 
and of the idiosyncrasies of the elements in exercise of their 
elective affinities. What is most characteristic of nature is 
rhythm, alternation of matter and energy between relatively con- 
densed and relatively dispersed states, between concentrated 
and diffused conditions. Continuous everywhere though this 
alternation be, it is often necessary locally to initiate or start 
change from one aspect to the other. There are equilibria in 
the diffused states as in the condensed slates, which resist 
more or less stoutly any impulsion to change. To break down 
this inertia is the function of catalysts. 

It is possible that the perfect medium (or catalyst equi- 
potential both positively and negatively) between two allo- 
morphic or heterogeneous elements is in no way leally an 
absolutely extraneous factor, that so far as chemical union 
between two elements is concerned " the force of nature could 
no further go ; to make a third she joined the other two." ' 
On this view, which is in harmony both with the accumulating 
facts as to the specificity of catalysts when rigorously investi- 
gated, and with that regulative principle of scientific method 
which forbids the multiplication of hypotheses, of entities, and 
laws beyond necessity, a true catalyst is no extrinsic tertium 

' Thai is, catalj-sis, to be effective, must involve aulo-cai»lysis, Cf. 
E. J. Mills, Pill. Mai'., ISl ^. i U^7^)- 
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^d, but a peculiarly indifferent and indissoluble conjunction 
of the two components of a reaction, which may be reduced in 
space, in quantity, to absolute minima, rendered latent in time 
for indefinite periods, but never permanently annihilated, in- 
different to change because, in virtue of the intrinsic isodynamtc 
disposition in antagonism of its elements, itself art and part of 
the pulse of change.' 

In the benzene nucleus of organic chemistry we have in 

the centric skeleton ' IC already the su^estion of such a 

disposition of affinity, which is not destroyed by reactions 
breaking up "benzene," but merely passed on to other 
elements than those which entered in in the formation of 
"benzene." That is, the same configuration — and others 
analogous therewith, inespective of the component elements 
subtendii^ them, but which possess a measure of the iso- 
dyoamic status— may be of like sovereign importance, though 
less permanently maintained in being, to other elements beside 
carbon. Thus it is feasible that a plane section of the common 
figure of interpenetration of two ozone molecules (ozone and 
ant-ozone) would give such a hexadic distribution of the force 
of affinity. 

In the reaction — 

it would be this hexadic equipotenlial configuration which 
would generate indifferently, on its self-division, two ozone 
molecules or three oxygen, in process of reducing its actuality, 
its mass of. action, to a least value. And this expansion and 
contraction of the intermediate hexad we may regard as 
concomitant with the passage of a trace of another element 
very rapidly athwart the mass of oxygen, a passage engender- 
ing the centric configurations referred to. In the discussion 

' Tlut ii, IS E. J. Mills suggtrsis, " We can undeisUnd how a cbeinical 
reaction is passible. It cui bt^in becaote it his nerer ended— t^vcry sub- 
stince retains * uinule but reil rticrve of unexhausted cnerEy." (^it. 
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of the structure and nature of flames and luminescent systems, 
this question will be returned to, as well as the part played by 
a-particles or anode rays in the radio- and photo-activation of 
reactions. In considering the sensible, physical stability of a 
mass of a substance such as benzene, its transitions per se from 
crystalline lo liquid, liquid to gaseous states, there is of course 
no pennanent nucleus necessary to the ring ofa single molecule, 
but these rings may be conceived as strung along the curvilinear 
path of a rapidly moving a-particle, and the spatial arrangement 
of the benzene molecule undergoing stereo-isomeric transfigura- 
tions according to the phase of this labile centre.' The im- 
portance of such, so to say, minimally organized, but formative 
and organizing phases of matter is of the utmost importance in 
synthetic jriioto-chemistry, for it is apparently by means of 
such that vegetative life accomplishes the increasing adaptation 
of its organisms to their ambient medium and accomplishes the 
paradox of drawing down fire from heaven to form fuel of earth. 
A physico-chemical system reacting to light usually 
(exception being made of certain markedly 'Synthetic photo- 
chemical changes) stores up or retains but a small increment 
of the incident radiation (true conversion of light enet^y into 
intra-atomic chemical affinity), the major portion being merely 
redistributed whether as light, by transmission or reflection, or 
irradiated as heat through a series of level surfaces or zones 
about the centres of dispersion. The concomitant enhance- 
ment of movement of the physical molecules of the body is 
the increase of temperature, but, as will be more apparent on 
dealing with fluorescence, visible and invisible, that is, the 
transformation of radiations, we might if it were convenient, 
speak of this latter side-issue (irradiation) as infra-red 
fluorescence. It appears probable that for every illumination 
of a material system there is a displacement of equilibrium 
such that, for the new equilibrium in light, if we write for the 
mobile equihbrium in general the scheme — 
«.»•„-£" ^ m.-t-f',, 
phase of conccn- phase of dissi- 
Irated energy pated energy 

' cf.ch.ix. Google 



DYNAMICS OF PHOTO-CBEAffCAL CHANGE 301 

when n and m are numbers relative to the toiai and specific 
states of aggregation of the substance x, [jj the quantity of 
energy between the limits / and / of the tension of the 
transition, then the initial observable displacenient is toward 
the phase denoted on the left-hand side of the equation 
as the phase of concentrated energy. That is, we may say, 
the system tends to pass into a state of photo-tonus. On 
stopping the excitation, this stimulus or photo-tonus exhausts 
or discharges itself more or less ra^udly, which deduction 
period is, as indicated by the scheme, concomitant with an 
evolution of free enei^y. And foUowii^; the recommendation 
of Rardey and Pollok' in regard to thenno-chemical notation, 
it will be convenient to generally refer to the phase of 
concentrated energy on the left-hand side of a transition as the 
initial state, the energy-sign f being here negative, and the 
correlative phase of dissipated energy, written on the r^ht- 
hand side, the enei^y-sign being here positive, as the final 
state. 

This usage is in consonance wiUi the second law of 
thermodynamics, which asserts that a reaction, or a series of 
reactions, is realizable if it involve an increase of entropy, 
which may be expressed as follows : " The sum of all relative 
transformations in a realizable, non-ieveisible (or partially 
reversible) cycle, is necessarily positive." ' 

A proposition which remains true for a cycle in part of 
reversible (ideal, virtual, or imperceptible oscillations) in part 
of realizable, non -reversible modifications. It is perhaps true 
that this consists in saying in somewhat legal phraseology that 
a change remains realized when it is not forthwith unrealized, 
e.g. that a knot remains tied if not undone or cut, but it is 
a proposition which has been of incalculable utility in the 

' Cf. Rtparl b/ StvtHth InitmatioHol Cengreii «f Applied Cktmitlry, 
Seel. X., Electro and Physicil Chemistry. W. N. Hartley : " Proposal 
□f a uaiform system of thcrmo-cbemical notalion." 

' Cf. P. Duhem, Mkaniqtie CAimiftu, Tome I., p. 78 (Paris, 
A. Hermann, 1S97). 
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establishment of rational thennodynamics, and must be con- 
sidered rather as a critical tuming-point in the evolution ;of 
the theory, than cut away and criticized in abstraction from 
the context None the less, it seems cxtreniely probable, 
as Duhem maintains,' that many thermodynamic and thermo- 
chemical equilibria are, in certain respects, properly designated 
as "false equilibria." The displacement of such by photo- 
ferments would not therefore be contrary to the generally 
accepted principle that a catalyst cannot permanently alter 
an equilibrium ;* it would rather be an essential function of 
a catalyst to diminish the extent of a region of false equi- 
librium, such action being identical with its acceleration of 
the installation of a true equilibrium. 



5 rro. Units of Energy and Transformation Equiva- 
lents OF Light and Work. 

In the specific case of physico-chemical change of oxygen 
represented by 

the symbol /|£|/', taken absolutely and independently of sign, 
simply refers to the definite quantity of energy proper to the 
transition of the substance between the limits of tension 
/ and /', independently of the kind of work for which the 
energy might be utilized or made available to effect, hence 
without specification of the units it is to be measured in. 

The partial tensions, / and f, are from a dynamic point of 
view, the velocity-potentials of the inverse reactions, and the 
dynamic balance obtains when these differ infinitesimal ly from 
each other, ix. / = / + 8/. 

Therm ocheraicalty, / and /' are measured as Iransidon- 
temperatures, the transition being monotropic if differs 
only infinitesimally from t. At Uie same time, the energy 

< P. Dohem, let. at., " Faux eqailibres et explosions," Mit. Chim., 
Tome I. (2), p. 3i8. 

' Cf. J. W. Mdlor, Cktmitai Siatict and Dynamks, Ihu seiies, Ch. X., 

p. aso. 
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If I is measured in calories, major or minor, the specific reaction- 
heat being calculated per gramme-molecule of ttie substance 
in transition, due correction being made for associated changes 
of aggregation-state other than that proper to the reaction 
immediately in question. Now the mechanioil equivalent 
of heat is determinate, but the mechanical equivalent of 
light is yet indeterminate, and, consequently, the thermal 
equivalent thereof {vide p. 78). But to be precise, it is 
necessary to point out that in the estimation of thermo- 
chemical equations, the energy evolved {or involved) is dnly 
accurately determined to a certain variable "radiation- 
correction," This" which it is an object in thermo-chemistry 
to reduce to a minimum, is from a photo -chemical standpoint 
precisely the important proportion of the energy-feature of 
a change. Only if accurate transformation-equivalents of 
calories (heat-energy units) with lumens (light-energy units) 
were known could the energetics and economics of photo- 
chemical change be satisfactorily elucidated. And this 
is correspondingly more difficult because of the highly 
differentiated character, involving multitudes of individual 
anomalies, of optical and photo- chemical change. Estimates 
so far from sundry specific reactions, whether of the light 
emitted by chemical change or of the amount of light con- 
verted into increase of affinity, point generally to only a 
small transformation-equivalent. Thus in the production of 
light, a large part of the energy is dissipated as beat in the 
absorption, a large proportion also goes to elevate the tem- 
perature of the mass. 

S III. Photo-ferments and Catalvsis. 

Leaving the more theoretical aspect of the energetics of 
pboto-chemical change for the moment, Weigert's conception 
of the nature of the kinetics and of "photo-ferments" de- 
mands attention. He considers that exposure of chlorine to 
light (insolation) effects some sort of heterogenesis in this, 
resulting in the production of nuclei which pervade the gas- 
phase, as colloid complexes of many molecules of different 
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types, and on or within the superficies of which the reaction 
takes place with greatly accelerated speed. So far this re- 
sembles in some degree Faraday's condensation-theory of 
contact-action.' Hence, these sub-microscoptc nuclei (each 
a host of molecules in itself, on the principle that every crowd 
is a crowd of crowds, the unit of a true crowd being, as one 
may discern by experiment, a small crowd) behave similarly 
to the colloidal platinum and other such "inorganic ferments" 
which effect the decomposition of HaO,.' He considers that 
in the reaction of Clg with COi (or H,) in light, what is usually 
measured is a diffusion-velocity of the components into the 
shells of the reaction-nuclei. Assuming that the gas-molecules 
diffuse in and out of the shell according to their diffusivities 
(which means a specific function of their mass, the concen- 
tration-gradient taken as unity, and of the viscosity of the 
medium) in the steady state the thickness of the shell may 
be reckoned constant. The heterogeneity is assumed to be 
sub- or ultra-microscopic, but considering the condensation 
experiments already detailed, may evidently be readily de- 
veloped beyond the ultra-microscopic and microscopic limits. 

In support of the view that the velocities observed are 
diffusion velocities, Weigert instances the temperature- 
coefScients of many photo-chemical changes, which are in 
general small and of the same order as those for velocities 
of diffusion (diffusivities). 





Tabu XXII. 




R.«,i«, .1.,™. 1 T™„,.Jj»J«Ild.,. 


ObKntr. 


Ferric oxalate <o ferrous . 
Styrol -> ineta-stTiol . . 
Oxalic .ndmercnnc chloride 

(Eder's Mlulion) 
Anthracene — > disnthrocene 


[■OT 

1 19 


Lemoine. 
Leisoine. 
Eder. 

Lathei and Weigerl. 


GcUlino-sitvci bromide A 
Quinine and chromic acid . 


i-ot 


Schellen. 
Goldbeig. 



' Cf. J. W. Mcllor, Ckemicel Slatui and Dynamics, ihU Kiics, p. 9 
* G. BredigBDdK. Yatda., Ztit. phyi. C^nn., 81, 314(1899). 
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This, however, is not absolutely cogent, since with many 
reactions the temperature-coefficient steadily decreases as the 
absolute temperature is increased, and in many res[>ects photo- 
chemical changes resemble very high temperature reactions. 
Further, it has been shown by Trautz ^ that a class of photo- 
chemical changes — principally photo lytically induced autoxi- 
dations — which are red-sensitive, hare a very considerable 
temperature-coefficient, e^. 2 to 3. 

As a further argument in favour of this view, Weigert 
instances the order of these reactions, which, on due correction 
for the absorption of tight (vide p. zi8) is usually found to be 
unity — that is, that of a monomolecular reaction. But, as has 
already been indicated, this is often only true for a certain 
period of the reaction, and by arbitrary disieg&rd, very often, 
of the anomalous " variable period." There was similarly a 
time when the uniform unilateral dispeision-curve of trans- 
parent bodies was supposed to exhibit the whole phenomenon 
of dispersion, prior to Kundt's and Christiansen's discovery of 
"anomalous dispersion" {vide p. 196). The discussion of 
" induction" (p. 275), on the lines of its analogy with eleclro- 
dyiuunic induction, shows that an exponential formula 

C = C(,(i— <~aJ would probably hold for the current, or 
reaetion-wave in the stt^es accessory to the installation of a 
steady value Co. 

Hence when C, the current, or rate of change, = J a7 » "^ 
sensibly uniform = Co, the effect of self-induction is negli- 
gible. But with heterogeneous illumination, a considerable 
number of such initial phases, with different time- constants, 
are possible, and all these must conspire to achieve the uniform 
period, which is the resultant of a multitude of minor causes 
converging together in one effect. It is the effect which is 
uniform, and the rate of change of which, iso-dynamically, caa 
often be represented by a monomolecular formula, but to 
regard this formula as the essence of the genesis of the reaction 
is to ignore the thousand and one minor obscure factors which 

■ Ztit. vist. PM., e, 169 (1908). 
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contributed to it. In so far as concerns the dedaetion period of 
an intermediary complex, which may well be an adsorplion- 
polytrope or polymere beterogeneous throughout with itself, of 
the kind postulated by Wcigert, and whicb yields prindpaliy 
one well-marked chemical compound or a constant boiling 

mixture, such as Trf\, the monomolecular reaction-formula, 

taken inversely as 

jv = jy~* 

would obtain, and if the convei^ence-rate of the subsidiary 
" induction-lines " to form the (photo)- ferment or intermediary 
complex just balanced its rate of decay in the direction 
indicated, one would have the case of uniform formation of 
the product per unit lime obtained with the chlorine-hydrogen 
actinometer under favourable conditions. But if the initial 
action of light consist in atomizing, and perhaps indeed, in 
sub-atomizing an original molecular complex, one would have 
equal reason to assert that, gaalitaiively, considering the hetero- 
genesis first effected, the photolytic reaction was initially of 
indefinite order theoretically approaching w both positiTcly 
and negatively, but quantitatively of order practically approach- 
ing unity. But this unity would be rather of the micellar 
aggregate, the quite specific but heterogeneous crowd or cloud 
of molecules yielding a hylotropic phase to the depolarizing, 
measuring, or indicating meter, than of any qualitatively unique 
single molecule in mtdias res, in the process of transition. 

As expressing approximately the law of change in these 
reaction-shells, Weigert suggests Uie formula—, 

v = ^ =-g-(;»-/) 

Here S is a constant expressing the combined influences 
of the actual volume of the gas-phase, the magnitude and 
other properties of the nuclei or micellse, », the number of 
active gas-molecules reactirtg pec shell, and, depending upon 
the concentration of chlorine and the absorption of light, D 
the mean diSusion-coeffident of the gas, f —^ m Aj», the 
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pressure-difference under which it enters the shell, and 8 the 
thickness of the shell. 

If we suppose that the shell adjusts its mean cohesion- 
pressure, p, to correspond to an average thickness S, it appears 
that this last can be but little different from the ware-length of 
the reaction-wave in the system, supposed to be stationary in 
the steady stale, and it becomes probable that the kinetics of 
photo-chemical change will be found to have considerable 
affinity with those of explosion-waves. 

As remarked, this view assumes that in photo^hlorlnations, 
It is generally the chlorine which is specifically light-sensitive 
alone, in virtue of its absorption of light ; this process involves 
a variation of state of the chlorine, an idio-chemical change, 
resulting in the s^regation of a more condensed phase dis- 
persed throughout a less condensed phase, these terms referred 
relatively to the status quo ante dissociated by light. Left to 
itself, on removal of light, this state of affairs would tend to 
readjust the prior equilibrium, but in the presence of other sub- 
stances the proto-nuclei due to such a single wave of shock may 
be partly conserved, though at the cost of inception of reaction 
with the subsidiary bodies. It is this variable period of inter- 
mediate adsorption which occasions the phenomena of induc- 
tion, and which is not, perhaps, ever representahle by any 
finite number of chemical and mathematical equations, although 
it might perhaps be possible to express the adsorption-reaction- 
isochore for a finite number of purified components by a unique 
function of a family of curvilinear integrals. 

That may be perhaps a task for the future. The actual 
influence of the activated chlorine upon other substances may 
be figured to some extent as follows. We have already 
referred to the interfacial tension of the capillary layer of pure 
bodies.' The notion of a dislocation by a light impulse of a 
prior homogeneous sUte of the chlorine implies a force of 
restitution in the parts dissociated coming more into play as 
the exciting force is cut off. If we suppose, as seems probable, 
that there must be, through the mass of chlorine in the 
•critically heterogeneous condition, zones of equipotential 
' /jK. at^ p. aSj. 
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values of the interiacial tension, and, indeed, distributed in 
maxima and minima of this, it is the complex plane where this 
is a maximum that the induced reaction would be consummated 
with the greatest velocity, at the cost of retarding the return 
of the chlorine to its prior condition, to which, once a pulse 
of radiant energy has disintegrated it, it can only asymptoti- 
cally approach. Any portion of a medium in this state, properly 
distinguished by the synergy or mutual energy of its co-existent 
heterogeneous [biases, rather than the intrinsic energy of either 
phase sickly, may be termed a synergid, a photo-couple analo- 
gous to a thermo-couple, and corresponding to some extent 
with Weigert's photo- ferments. It must tend, any such synergid 
transferred from its original locus, to spread the quality of strife, 
of conflict, of antagonism, of which it is a unit and in which it 
first came into being. All amphoteric bodies, such as amino- 
acids, which comprise both basic and acid functions in the same 
complex, would seem to be potentially " ferments," ' being 
calculated, in defect of extraneous residues, to become self- 
saturated or internally compensated, forming EO<atled " inner 
salts." At the same time, it is desirable to point out here that 
although the distinction drawn dividing processes of physical 
dissolution and diffusion of one phase of matter in and through 
another from processes of chemical interaction between different 
species is a practically valuable one, it is none the less, to a 
large extent, arbitrary and artificial ; ditlusion-coelficients and 
velocity-constants of chemical change being fundamentally 
correlative magnitudes, descriptive of the same change 
differently interpreted. This is recognized in the more recent 
modifications of the " solvate theory of solutions," in which it is 
recognized that the process of diffusion of salt or sugar in 
water is as much a chemical as a physical or mechanical 
process. 

* On the principle that it takes two to make ■ quarrel. An amincHicid 
is obviously aduad, a conlradicliun in terms. 



giiizcdt* Google 
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§ III, Fhoto-ferments and Photo-sensitizing. 
From the Tact that insolated chlorine can facilitate the 
decomposition of COCIj, Weigert argued that it should be 
possible to sensitize other gas-reactions not normally sensitive 
to ordinary light. Actually he found that the following re- 
actions could be so infected :— 

(i.) Gas-reaet'wns. 
I. Decomposition of ozone : — 



Synm. 



Ozone alone ..... Dark , 3'4-6'i per cent. 

Oione alone .... I'ight ' 3'4S-S'3 ■> ■> 

Oione + chlorine . . I Dark i 8'3, to „ „ 

Ozone -j- chlorine . . 1 Light o'o, O'o „ „ 

II. Union of He and Og to water. 

Baker' found that this reaction is very slightly sensitive to 
ordinary light, moist explosive gas gradually combining after 
some months exposure to sunlight. 

Weigert obtained, in the presence of Cl^ 37-45 per cent, 
vater on relatively brief exposure. Whilst it is possible that 
there is a complex intermediate cycle, in which ozone and 
ozonides of hydrogen, as H^Ot, HbO^ may occur, it appears 
improbable that the cycle is by the steps 
CI, + H, = 2HCI 
Oi + 4HCI = 2H,0 + CI, 
both from direct experiment to test this hypothesis, and the 
unlikelihood of a preferential action of chlorine on hydrogen 
in the presence of oxygen, which hinders that reaction, 

III. Union of SO, and O, to SO,. 

Coehn < has shown that this reaction is sensitive to quartz- 
permeable ultra-violet rays, but not to those passing glass. In 

' Prx. Chtm. Se<., 18, 40 (1902). 

• JtiArf, Radio, akti., 1, 577 (igill. ■_ 
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the presence of chlorine, Weigert effected the reaction in glass 
vessels in ordinary light. Sulphuryl chloride SO,Clt was 
formed to some extent sX the same time. 

IV. Union of N, and H, to ammonia. 

A slight fixation of nitrogen to ammonia was effected by 
light in the presence of chlorine. 

V. Oxidation of HCl (Deacon process), 

Weigert suggests that this sensitizing of reactions not in 
themselves light-sensitive, at any rate to ordinary light, is 
contributory to the induction period. The inhibiting action 
of oxygen is possibly due to primary oxide-formation (water 
in the case of Hg -|- Cli, ('O, in the case of phosgene) about 
the nuclei, which prevents further action. This would be 
analogous to the " poisoning " of colloid metals by substances 
such as hydrocyanic acid, iodine, etc. 



(ii.) Photo-sen sitmng of Solutions and Solids. 

The formation of such specific photo-ferments may be 
applied to photolysis in other than gaseous systems. It 
applies to an observation made by Ristiakowski.' He found 
that HgOj solution, which in a pure condition, is transparent 
and stable in light, is rapidly decomposed by light in the 
presence of the photo-sensitive ferro- and ferri -cyanides. So 
far the behaviour is similar to the Eder solution. But further 
it was obseryed that only a brief exposure was necessary to 
induce a change which continued for some hours afterward. 
The reaction is of the first order, whereas, according to the 
equation 

3H,0,^3H,0 + 0. 
it ^ould be of the second. The phenomena are explainable 
on the view tliat light forms a colloid ferment, which continues 
the decomposition catalytically. According to Haber, this body 
is principally a per-hydroxide of iron, Fe(OH)(. A similarly 
continuing ader-action incited by light is found in the action 
of light on bichromated gelatine. The insolubilization of 

' 7,«i. Phys. Cbtm., 3», <3I (1900), 
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the gelatine effected spreads or extends after cessation of 
exposure. Weigert applies the idea to a large number of photo- 
gra[^ic reactions, the photoferments being in his view the 
photographic " latent images," and having greater persbtence 
in solid media. We may connect with this the peculiarities 
of the silver halides in the matter of light-sensitiveness, silver 
iodide being the most susceptible to light in regard to additive 
development,' the least if subtractivc development is attempted. 

The photo-catalytic decomposition of ozone by light and 
chlorine was investigated more closely by Weigert, and his 
results are interesting as showing both the arti&ciality of the 
distinction made between optical and chemical sensitizing, and 
throwing more light on the mode of it. The terms were 
originally used by H. W. Vogel,' the one, chemical sensitizing, 
to describe the supposed function, e.g. of gelatine in silver 
halide-emulsions as a receiver of split-off halogen, the other, 
the effect of certain dye-stuffs in small quantities of making 
the halides sensitive to the more refrangible rays. As 
Winther's investigation on the Eder's solution shows, the 
optical behaviour of the sensitizer cannot be absolutely 
separated from its chemical activity. 

Ozone and chlorine were mixed together in a thin glass 
bulb connected with a manometer charged with strong sulphuric 
acid, and the course of the reaction followed by the variation 
of pressure consequent on the transition 2O, = jOj. The 
results were as follows : — . 

(a) Course of the reaction, vide Fig. 4T. In darkness, 
the pressure remains constant ; on illumination it increases in 
linear proportion to the time, the velocity increasing on 
approaching the illuminant, decreasing on withdrawing it. 
On cutting off the light the pressure reached fell slightly, 
then remained constant {vide Fig. 41). When the ozone is 
exhausted, the reaction stops abruptly, but curiously enough, 
just before this conclusion the pressure suddenly jumped. 

{b) The velodty was independent of the concentration of 

* Sometimes teiined " phfsictl development " ia contradislinclion to 
" chemical," bat it really comiala in the use of an auxiliaiy silvei solntion. 
' Cr. J. M. Eder, Handbuck d. Pkei., I. 45 (1900. 
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ozone. Compare the polymerization of anthracene by light 

(p. 220). 

if) The velocity increased with the concentration of 
chlorine, but not in direct proportion. 

Table XXIII. 



Vol. % of CI, 47 7-2, irj iS'2 I 834 *8-5 487 7o'o 
Velocity = -^ i6'o 23-4 ' 24-0 : 32-5 I 32-^ . 36-5 j 40'o 43'° X >o"' 



{d) The reaction-velocity is nearly proportional to the 
intensity of the light. A mercuiy arc was used, the rays 



between 365 and 405 /i^ being the ones chiefly effective. 
Hence, one react ion -vessel could be used as an actinometer 
to determine the absorption in another. 

Table XXIV. 



Comparison of these figures with the table for the 
velocities and chlorine concentrations shows that the velocity 
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is directly proportional to the light absoi1)ed by the chlorine, 
being given by the rormuta 

.. If =^, -,-..) 

where a is a constant, k the concentration of chlorine, 
and I the extinction-coefficient. Hence the " optical " and 
chemical absorptions are directly proportional to each other. 

(f) The temperature-coefiicient was small, 1*17 to t'36 
between 15" C. and 45" C, but at 45° thermal dissociation of 



In apparent contradiction to Weigert's theory of reaction- 
nuclei is the fact that the velocity measured is, like that of the 
polymerization of anthracene, independent of the amount of 
the disappearing phase. On the theory of diffusion {p. 304) 
of this into the shells of influence of the nuclei, the velocity 
should have been of the first order as regards ozone, whereas 
it is actually of zero order. But, as pointed out in the dis- 
cussion of the conception of photo- ferments, not only is the 
distinction between diffusion and chemical change one not 
always capable of precision — these being two ways of consider- 
ing the same process on different planes of interest — but it is 
rather the active photo-ferment which pervades the resting 
gas-phase,' so that any eventual chemical decomposition of this 
last occurs in a plane wave-front, and independently of the 
total mass of substance decomposable, as in an electrolysis or 
other heterogeneous reaction when polarization is eliminated. 
If only a finite number of nuclei were formed for a given 
measure of radiation, then the limited number of chlorine 
nuclei working at full tension determine the rate of change. 
An illustration may make clearer this independence of the 
velocity of the amount of ozone. Suppose a limited number 
of executioners at work, and a certain number of victims pre> 
sented for decapiution. Let the executioners operate at their 
maximum efiiciency, then in the steady state, the rate of 
decapitation will be iinlependent of the number of victims to 
be executed, these being kept passive by the executioner's 

' Cf. the photo-dromic proccuet instanced on p. 323. 
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supporters. In effect, any excess of victims might conc^vably 
embarass the execution party, 'lessen the efficiency, and diminish 
the reaction-velocity. A similar example would be a shaving 
saloon. The rate of conversion of unshaven into shaven 
customers would only depend to a very slight extent upon the 
actual number of unshaven customers presented, it would be 
directly proportional to the number and efficiencies of the 
intermediate complex (barber '^ shavee), which would exist 
only in actuality during the reaction and as the reaction-nucleus, 
and the cessation of which, supposing the activity of the barber, 
like that of chlorine in light, to be maintained constant, would 
coincide abruptly with the exhaustion of a batch of clients. 

Whilst the explanation of the ultimate mechanism of actual 
photO'chemical metathesis is still to seek, it seems feasible, 
from the known influence of certain rays in the ultra-violet and 
infra-red upon the decomposition of ozone that when chlorine 
is excited by light it emits a fluorescence cr luminescence 
spectrum containing rays which affect the immediately con- 
tiguous ozone, or other such substance drawn into its interfacial 
plane. As we shall see later, there is a close relation between 
the fluorescence or luminescence spectrum of elements and 
their absorption spectrum, and that its nature is modified by 
the presence of small amounts of other substances. 
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CHAPTER VIII 

SPECIAI. I'HOTO-CHEMISTRY 
§ 113, Photo-chemistry or the Other Halogens. 
It is fully in accord with the onus of the Periodic Law that 
insolated chlorine approaches, in its altered behaviour and 
increased reactivity, to fluorine. Practically nothing is known 
of the photo-chemical capacity of this latter element in the 
uncombined state, and indeed, the difficulty with this element 
is not to encourage it to react but to hinder it and find suitably 
indifferent receptacles. What is interesting, then, is the marked 
indifference of fluorine compounds to light. Silver fluoride, 
noticeable already for its much greater solubility in water com- 
pared with the other silver halldes, is not distinguished by any 
particular light- sensitiveness, whilst the remarkable transparency 
of fluor-spar for the invisible spectrum is evidence of the im- 
perturbability of the chemical equilibrium conferred by fluorine 
when subjected to rays generally all potent to dissociate. On 
the other hand, bromine and iodine are both sensitive to light 
and their reactions greatly affected by it, in correspondence 
with the strong absorptions they exhibit. This photo-sensitive- 
ness persists to a greater or lesser extent in the compounds of 
these elements with others. If we may compare the tendency 
of an element to form stable self-combination phases — 
Graham's idio-chemical attraction — with what is terroed elec- 
trically, self-induction {vide p. 275), this tendency is evidently 
more marked in the halc^en series as we proceed from fluorine 
to iodine. In effect, the increase of atomic weight in this 
direction is only one mode in which the same tendency is 
manifested. A very general distinction between the behaviour 
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of bromine in regard to its action on aromatic bodies with 
side-chains is found according as the Tcaction is allowed to 
take place in weak (white)-light (or darkness), or in intense 
(white)-light. In the former case, bromine is substituled for 
hydr<^en in the aromatic nucleus, as 

QH^CH, + Br,-* C,H,Br.CH, + HBr 

in weak light and darkness 
in (he latter, the substitution is io the side-chain 

C.H,.CH, + Br,-» QH..CH,Br + HBr 
a difference which is found for a whole series of atkyl-benzene 
bodies.' 

According to Beilstein, this same difference in behaviour is 
found according as bromination is carried out in a cold liquid 
or in the vapour of boiling hydrocarbons. Even in this case, 
the difference may depend upon a photo-chemical action, for if 
traces of oxygen were present in the hydrocarbons, a Itansient 
chemi-luminescence might occur. 

Solutions of bromine in water (bromine water) are sensitive 
to light, but not so markedly as those of chlorine. The rever- 
sible reaction — 

Br,+ H,Ov^HBrO-»-HBr 
is one which can occur in this case, whilst the photolytically 
influenced reactions 

3HBrO?=iaHBr-|-0. 
3HBr^H,-l-Brj 
could concur in establishing a cycle regenerating bromim, as 
photo-catalyst, whilst furthering both oxidation and reduction 
reactions concomitantly. But more experimmt upon the 
photo-chemical capacities of the three-component system — 

Bromine | Water | Receptor 
are required.^ Of the salts of bromine with metals, silver 

' J. H. Schramm, Litbig's Ann., IS, 350, 606, 1172 (1885)1 Afmial- 
shf/t,9.%A2 (1888). 

• Cf. Vl'nwa, Fogg. Ann., 87, 304(1856); and Pedler, 7>wm, Chan. 
Sec., 61, 613. 
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bromide occupies a peculiarly important place, as the chief 
basis of photographic emulsions. 

Iodine is remarkable for giving different molecular weights 
in different solvents, and generally in exhibiting a wide range 
of variation of its self- induction or power of association, which 
is also a function of the radiation-fieU it is exposed to. The 
condensation of iodine vapour from hydriodic acid when a 
beam of intense light is passed through this was observed by 
Tyndatl in the course of his researches on radiant heat. It 
should be noticed that solutions of iodine show marked setec- 
tive transmission and absorpdon in the infra-red speclnim. 
Coblentu ' has investigated the colour and absorption over a 
wide range of conditions, with results as follows. Iodine forms 
either brown or violet solutions, characterized by differences in 
the molecular weight and degree of association. The brown 
solutions in chloroform, carbon di-suli^idc, alcohol and acetic 
acid transmit the red end of the spectrum, but show strong 
absorption in the violet, the converse being the case with vioiet 
solutions. The solution in carbon di-sulphide has an absorp- 
tion maximum at 500 /i/i and transmission beyond iioo fi/i. 
The brown solutions in alcohol have a maximum absorption 
from 1400 itp. to 3000 11^ and then become transparent again. 

Iodine, like certain organic dye-stufis,' can form true solu- 
tions or "colloid" solutions of many degrees and gmdes. 
(It is convenient to distinguish true solutions from colloid 
solutions, but it should be remembered that they merge im- 
perceptibly. A colloid dispersion or pseudo-solution, termed 
a " sol," is generally in adsorpdon-equilibrium, i>. fluctuating 
equilibrium with true solutions of its constituents, i.e. with its 
ambient medium.) The nature of the poly-iodides formed by 
the alkali metals, and which may be considered as correlative 
to the idio-chemical attraction of iodine atoms for each other 
has been investigated by H. M, Dawson.' This example of 
condensation effected through stimulation of the residual 
affinities of an element may be regarded as foreshadowing to 

' P^i. Sen., 10, 35, 7a (1901) ; IT, 51 (1903). 

' Cf. S. E. Sheppud, Ptm. Roy. Sec. 

• Tram. Chtat. Sec., 7, 46(1903). CIoOqIc 
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some extent the well-known coagulative eifect exercised by 
many electrolytes upon colloids. It appears natural to assume 
that the affinity acting between atoms of the same element is 
lather different in degree than in nature from that acting be- 
tween atoms of different elements, just as in the theoiy of 
electro-dynamics self-induction is r^arded as similar in nature 
to mutual induction. Further it appears probable that this 
affinity is a stress alternating between repulsion and attraction, 
the virtual tendency to dther convergence or divergence <^ 
affinities being made definite and real, in one sense or the other, 
by the introduction of a trace at least of a chemically different 
element, more or less independently of mechanical conditions 
of temperature- and pressure, although these of course must 
influence the action, and particularly by facilitating or imped- 
ing the introduction of the essential catalyst, the " analytical 
impurity" necessary for real synergy and synthesis. This 
problem seems most open to attack through the study of the 
action of "corpuscular" radiations upon carefully purified 
elements, and by the spectroscopic examination of the effect 
of selected monochromatic rays upon purified elements brought 
to a radiant state {yiide p. 413). 

The pboto-chemical behaviour of hydriodic acid has already 
been discussed (p. zo8), whilst that of silver iodide will be con- 
sidered shortly (p. 371). 



§114. Photo-sensitiveness of Salts of Metals. 
The greater proportion of ordinary crystallizable salts of 
the metals,' whether in the solid state or dissolved, are 
comparatively stable in respect to light. But this stability is' 
certainly relative rather than absolute, being an inverse function 
of the absorption of light of the bodies, and is, practically, not 
disconnected with the fact that it is rare for these bodies to be 
exposed without intermission to light. ^Vherever a substance 
exhibits a characteristic selective absorption of light, this may 
be regarded as evidence of virtual intra-atomic changes of 
valency, which only require accentuating in one direction to 
yield a permanent alteration of equilibrium, an actual as- 
distinct from a virtual change. 
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It has been observed that aqueous solutions of the salts of 
ihe heavier, polyvalent metals undergo a gradual change of 
character on keeping. This change is apparently of the nature 
of a hydrolytic cleavage of the metal salt, leading by a series of 
reaclions in stages, with concomitaat side-reactions ^/fn'n^ each 
stage enduringly and ineveTsibly as evolved, to the deposition 
of stnictunlly conformed aggregates of insoluble oxides, 
sulphides, and ternary and quaternary complexes of varying 
composition. It is si^ested that this kind of change is 
furthered by light, influencing in the direction from left to right 
changes partially rei^esenlable by such equations as : — 

volatile acid 
light * 

I. RA^ + H,0 ?^ R - OH + H-4 

i.e. heavy hydroxy salt 

<0H HO. light .^:}i^.. ,.yK^. 
A, A,^ I^A'^ ^A^l 

I para-bond I 

+ H,0 
i e. photo-anhydride and water, 

I. expresses the direct reaction between water and the 
salt, the sohation, and 

II. the consequent reaction between hydroxy-salt molecules, 
the f0d|f»/ii/t'i7n in which icni'irr is regenerated, whilst an nn^^i/nd^ 
is formed through the concomitant development of the residual 
affinities both of oxygen and of the acid radicle of the original 
salt. Valency is shown in the continuous lines, (ontra-valency in 
the dotted lines. 

Supposing the original structural unit for the salt RA„ R 
being the positive, A the negative component, to be represented 
in piano by — 



(h 
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for a single crystallogenic unit of Che tiiclinic* system ; the 
ionizabU (contra) -valencies of ths hetero-chemical union between 
the basic and acidic constituents being denoted by the straight, 
discontinuous oi broken lines, the non-ionizable valency of the 
homo-chemical union between the acidic constituents by the 
continuous curved lines. In a solid state the R's may be 
conceived as similarly united by bonds of homo-cheniical union 
traversing the plane of the paper, i.e. normal to the plane of 
the A's, and also, in the static equilibrium of the ciystaltine con- 
dition, forming closed circuits in turn, so that the distribution of 
aSfinity is thus seknoidal throughout, there being chemo-static 
equipartition of the affinity of the system, its " potend&l " 
(Gibbs) between the self-reciprocal Unkings between identical 
atoms and the self- conjugate Unkings between dissimilar ones 
(ionizable valencies). 

A solid, i.e. a dense aggregate of such units will be composed 
of co-axial minor a^r^ates, having rings of varying numbers 
of the R's united in self-closed circuits, these circuli being of 
stability varying a-periodically ' with the number, odd or even, 
thus united by idio-chemical affinity. It will be evident that 
the dissolution of such an ensonbU (which, according to the 
numeration of the R-rings, may be equally dense everywhere 
or differentially dense in different directions) in a solvent must 
necessarily take time, depending, as it must, upon a displace- 
ment of the balance of affinity, of its static equipartition or 
equilibrium between the homo-chemical insulating circuits 
and the hetero-chemical condnctii^ circuits. Hence this 
dissolution will proceed in a more or less pronouncedly 

' For the sake of example. It is the essence of a ciyiUlline s^lem 
that it ii self-similar throueboul, i.e. its unit particles are projective images 
uf ill loUlily OT ensemble. Hence, although a ciysul increases its balk 
by direct additioti of sclf-sitnitor units [appciilion as diilincl fiom assimiUi- 
lifii), this growth in mete balk is regulated by an oritHlalian or vectorial 
factor, by the necetsity of ihc iulk to confoim as far as possibly to the line 
equilibcium-MiTjtr inbetent in ibe crystallogcnic units, and to which actual 
crystal) approach in (he measure that they are permitted to form uoder the 
play of inherent molecular forcei alone. 

' a being an algebraic number, in the mote geoeral case of other than 
•imple boitnonlc motioa. 
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step-wise inanneT, approaching a change by discontinuous 
jumps, regularly or irregularly scanned, according as 
the variability, throughout the entemble, of the numeration- 
fati&r of the R's in ring-formation is small or large. For 
eicample, if only 4-membered R rings were present, it would be 
r^fular and simple, if 2, 4, d, 8, etc., regular, but complex, 
necessarily with some kind of super-periodicity regulating the 
complex regularity. But supposing that there were irregularity 
intrinsically adjustable among the R's, we should then have, at 
the limit, approach of the process to a dissolution according to 
a eontinuetu fvtution} 

It must be remembered that the influence of a solvent cuts 
both ways, that is, it affects the nature of the solid form 
possibly crystallizing out, the variability of the ring-formation 
being a function both of the RAj's and of the solvent. For, 
in the limit, we can conceive the binary complex RAj as a 
peculiarly permanent mutual solution of the R's by the A's, and 
conversely, its stability determined by a function of the mutual 
energy of co-existence of antithetical positive ai}d negative 
elements. This mutual energy permeating the (theo- 
retically) " dead " space between the atomic centres of activity 
is what we have termed " radiant eneigy," and may sometimes 
be evinced in visible form, as light, e^. in the dissolution of 
certain compounds, a phenomenon termed fyo-luminescence. In 
this way, the process of dissolution of these salts may be 
regarded as really a very slow process, a slow, irrevemble^ 
process leading to the formation of peculiarly stable photo- 
anhydrides or internal oxides of the elements, by way of series 
of very ra^i'i/ processes, rapid reversibU processes virtually, but 
irrerersihly oriented actually. And all that only as a phase in 
the cycle of oxygen between a comparatively free, loosely 
combined state, and a bound, earth-bound condition. The 
formation of such photo-anhydrides would proceed then 
continuously in the direction of occlusion of oxygen in one 
direction, of hydrogen in another. 

This notion of structural mtiatnorphom as intimately 
' The view skelched in the fott^mg take) into accoaot ihe pht 
or larretion an<l ftftualhii, as well as ordinary jolution. 
T.P.C. 
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consequent with jAoto^hemical change marks the most 
important diiection of photo- chemistry, that by which its data 
and dicta lead by way of colloid chemistry to the region of 
bio-chemistry. The physic o-chemistry of colloid matter, the 
preliminary to the physiological chemistry of living matter, 
centres in the fact of the isodynamism of acidic and basic, 
oxidizing and reducing, functions, in one and the same uniquely 
specific complex, which possess a superior degree of dynamic 
meta-stahility, and intrinsic variability of, so to say, tempera- 
ment, consequent with the mutual suspense or inhihition o( at 
least ftpo conjugated binary systems ' each tending to relax to 
a static crystalline state, but, these being geometrically incom- 
patible with each other, actually the body and anti-body in 
question can but maintain an antagonism, an enduring strife, 
which keeps a pulsation of the affinity at-work, and efficiently 
causes the destruction, whenever approached, of the s/atie 
eqmpartition of affinity between heter&- and ^imi>-chemical 
unions. It is this kind of stress peculiar to a nucleus of intrinsic 
strain that we have already regarded, terming it " syne^," as 
fundamentally characteristic of photo-ferments {vide p. 394). 
The self-same dynamic incompatibility it is which, hindering in 
complex oi^nic bodies the easy crystallization of iXab\esolids, 
facilitates conversely the easy coagulation of meta-stable gels. 
In consequence with this dividttaiity quite specifically super- 
imposable on any aggregate of degree i >i oi kinds of dual or 
binary molecules, superimposable like a sort of imfieriitm in 
imperio on the generic duality of chemical elements taken fn 
masse which is the central and cardinal fact for the stoichio- 
metric chemistry of crystallizable matter, colloids are never in 
static but in dynamic, fluctuating equi-poise with the radiant 
energtes of their circumambient medium. Each fluctuation of 
this initiates an impression, originally a pure strain, on the 
colloid which tends to develop and fix it, so to say, crystallo- 
graphically, corresponding to a relaxation of the super-tension 
of its intrinsic internal dynamic incompatibility, but can usually 
only do so at the most transiently, partially, so antagonistic, 
mutually interfering, on an average, are the fluctuations of the 
' The hnlf-components of a double s«ll or teciptocsl sal(-pair. 
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ambient medium. But, for all that the partial fluctuations are 
virtual, reversible, and self-compensated, there is ever in time 
an oiientation which conforms a series of such reversible 
reactions (o real irreversible change. There arrives in time, by a 
consummation of such partial movements of relaxation, of such 
impressions, an epoch when the super>tension of matter in the 
colloid state, the mutual super-saturation of the alternative 
factors of the mass of heterogeneous bioaries, relaxes, and it 
has irreversibly to dissipate its superfluity of free energy, reveal- 
ing a quasi-static structure embodying the past history of the 
synergy of forces that made it. Wherever there is matter in the 
colloid state, fluctuations of radiant energy are inscribing 
signatures upon it of the irreversibly propagated periods of 
stress and strain of the aether of space. 7'he structures 
evident are only for the most part rough drafts, crude sketches 
preliminary, so to say, to the real morphogenesis which nature 
practises in the organic world, where the ipeeificity or 
idiosyncrasy characteristic of the reactions of matter in the 
colloid state is cumulatively presented and compounded in the 
individuality of living organisms. 

In connection with the relation of light to the adjustment 
of matter between colloid and crystalloid states respectively, 
it is appropriate to mention the so-called molecular alterations 
produced by light, phototrofnc modifications of the state of 
aggregation, photo-mechanical deformations and disintegra- 
tions and positive and negative belio-tropisms (mass-move- 
ments) of crystals.' These may be regarded as integral 
resultants of true [^oto-chemical changes. 

' Crystals of miny substuiccs are disinlegrated and lublimed bf light 
when exposed in closed tr>iii|)aTcDI vcskIk, being genetally depieitcd on 
the better itluminued tide (cf.J.M. Eder, Handbaeh d. Phut., 1,113(1906), 
and purliculaily ?. N. Raikow, Chem. Cmtr. bl., 8, 1391 {1903)), often in 
rimes like the vegetuion fignrei of hoar-frost. K. Schanm (Edec's yahrb. 
f. Phol., 1905) coniiden that air-coneDts ptay ■ considerRble pail in in- 
flucDcing such lianivection. But, no donbt, such thermo-taxes and 
cbemo-taies are both concomilsnt wilh the propagation of light, and the 
disputes as to whether some permanent alteration in mailer induced by 
li|;ht ii mechanical az chemical are iDostlr sterile. We may say thai all 
compooDds of the melaU ate potentially seiuitive to radiations of some order. 
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§ 115. Phototropy of Silver Compounds. 

But whilst such changes are usually too slov to be practi- 
cally useful, there is one metal which offerB almost a plethora 
of phenomena in the actinolropy of its compounds, namely 
silver. Although the term " phototropy " was originally used 
for the oscillatory changes in light of different refrangibility 
shown by certain organic bodies, notably the fulgides {vidt 
P' 33^)1 ti^is phenomenon, better termed chromatropy or 
colour-adjustment, was previously observed for silver com- 
pounds. The literature on this subject is extremely volu- 
minous, very scattered and of very unequal value, so that only 
the historically important references will be cited. The 
change which "hom-silver" or fused silver chloride undergoes 
in light was observed by Scheele {yide Chap. I. ), and it was 
subsequently found that this was chiefly produced by the raya 
of low reftangibility. Seebeck' in 18 10 found that freshly 
precipitated silver chloride exposed in a moist state on paper 
to a prismatic spectrum reproduced the spectral colours, 
though very imperfectly and impermanentty. Red was well 
reproduced, yellow poorly, green as bright blue, blue well, 
violet with a purple tinge, and ultra-violet as lavender grey. 
Silver chloride after preliminary darkening in white light, gave 
the same result. This phenomenon remained unnoticed, till 
its study was revived by Ed. Becquerel,^ to whose broadly 
inquisitive yet profoundly penetrating genius pboto-chemistry 
owes so much. The subject was also studied by Sir John 
Herschel and Foitevin, but their work foe some time served 
rather to obscure than to clarify this problem. Becquerel 
employed polished silver plates, which were balc^enized to 
a slight thickness by electrolysis, the superfacies of balide 
being probably from 0001 mm. to o'ooa mm. in depth. He 
found that after prolonged exposure such films reproduced 
the spectrum very fairly, but that this power of colour-repro- 
duction vanished in darkness. A physical explanation of 
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these colours was put forward by Zenker,' who ascribed them 
to sUtiooary waves. For a discussion of the fonnation of 
stationary waves, the reader is referred to text-books of 
physical opdcs and wave-motion. The essence of the pheno- 
menon is the interference of the elements of an incident ware 
train impinging upon an optically denser medium with waves 
reflected back, which recoil retarded in phase by a suh- 
multiple of a wave-length. 

In the medium immediately contiguous to the reflecting 
surface a stratification of the energy ensues, the loci where the 
kinetic energy is a minimum being termed " nodes," those 
where it is a maximum " anti-nodes." Supposing now that 
this kinetic energy of light to effect a photo-chemical change 
in the medium, it is obvious that the product would be formed 
in lamellae of maximum and minimum densities separated by 
intervals commensurable with the wave-length of the light 
acting. If they are formed by spectrally dispersed rays, or, 
generally, by coloured light, the space-gratings thus created 
{aoA fixed by side-reactions of the type already instanced in 
the section on the formation of photo -anhydrides) will 
necessarily tend in while light to reproduce the colours which 
originated them. It is evident that the more completely this 
differentiation of the original medium is effected, and the more 
the initial substrate is finally converted and, so to say, assimi- 
lated to the acting light-images, the purer and more vivid will 
be the subsequent colour-reproduction. This principle was 
adopted by G. Lippmann" in his method of colour-photo- 
graphy, in which the posterior reflecting surface is a layer of 
mercury and the lamellarly distributed " latent image " is 
subsequently developed. 

O. Wiener,' to whom we owe a very comprehensive critique 
of the various processes of photo<:hromy, has shown that 
Zenker's view is correct for the colours with Becquerel films 
on metallically reflecting supports, since the colours seen in 
white light vary with the an^e of viewing and liie refraction 
< Lihrbutk J. PholothromU, Berlin, tS68. 

■ C.*., 111,374(1891). 

* Ann. PMys., «, xyj (1895). 
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of the contiguous medium through which they are observed. 
But this does not hold for the colours obtained with Poitevin's 
preparations (he used oxidizing substances, such as bichro- 
mates, to increase the colour-sensitiveness of silver halides), 
and Seebeck's on other than metallically reflecting supports. 
The colours here cannot be referred to a total space-structure 
impressed in the film, but must inhere in the photo-product 
itself. They are produced by some kind of selective absorp- 
tion, and are hence termed body-colours, as distinct from the 
colours of thin plates. To account for them, Wiener was led 
to a general theory of colour-adaptation, which may be said 
to form a bridge between the false (Schein-farben) diffraction 
and interference colours, and the true (Korper-farben) 
pigmentary colours. 



% lid. The Allotropy of Silver. 

If the reduction of silver from its salts and compounds is 
variably retarded, a series of different modifications are 
obtained which have been termed allotropic' Carey Lea, 
who first studied the question systematically, found that by 
suitable variation of the reduction -conditions, the following 
typical modifications were obtainable — 

(a) Water-soluble silver, giving deep red solutions (or 
hydro-sols, which pass more or less rapidly to sus- 
pensions), lilac to blue-green as a moist coagulum, 
metallic blue-green when dried. 
iP) Insoluble form obtained from the first. Dark reddish- 
brown when moist, similar to {a) when dried. The 
result ot irreversible coagulation of (a). 
(c) Golden silver, dark bronze when moist, like metallic 

gold when dried carefully. 
Similar colloid silvers may be obtained by Bredig's method 
of electric disintegration.'' An arc is passed between silver 
poles under water, which must* be carefully purified and 

' Cf. KatUUhkemie u. Phelographii, Liippo-Cramer, Dresden, 1908. 
' Cf. A. Miiller, AU^m. Chimk d. Celhidt, p. 6 (1907), Batlh, 
Luiptig. • 



\ 



SPECIAL PHOTO-CHEMISTRY 327 

rendered very slightly alkaline. These forms all dry readily 
on paper with their particles in optical contact, and pass readily 
under physico-chemical stimulus into the ordinary grey-white 
metallic silver. Carey Lea considered that this last is a highly 
polymerized form of silver, a view which agrees on the whole 
with its physico-chemical behaviour. 

It is, however, questionable how far any of the disperse 
forms are pure silver, since it is recognized now that such 
colloids are intimately dependent upon traces of adsorbed 
electrolytes for the maintenance of their meta-stability. All 
the forms are light-sensitive. Carey Lea found that daylight 
converted the yellow or red modifications into the grey 
(passive) silver, whilst the blue-green and yellow-red forms are 
interconvertible according to the nature of the illumination. 

On the other hand, there is evidence that metallic silver, 
in coherent plates, tends to disintegrate to some extent, at 
least in the presence of air and water,' yielding visible or 
latent images on controlled exposure. 

§ 117. The AcnoN or Light on Silver Salts. 
The action of light upon the salts of silver, but particularly 
upon the halides, is of cardinal importance for photography. 
That the " blackening " or darkening of silver halides in light 
is in principle a reversible reaction was first quantitatively 
shown by R. Luther.' His method consisted in exposing 
silver bromide or silver chloride to a graduated series of quan- 
tities of illumination, the moist halide (free from gelatine) being 
exposed under a tube-photometer, a number of separated tubes 
having entrance-pupils for an even area of illumination in ratios 
increasing in the proportion of 1 : ^2, the uniform area of 
illumination being ditTused daylight. The halide was in con- 
tact with a solution of halogen, and in this manner, by varying 
the concentration of the free halogen in the sotudon, it was pos- 
sible to determine the corresponding values of the illumination 

' J. W. Wateihonse, Eder's yahri. /. Pket., p. 599 (igoi), following 
older researches of Moser on the surface H;haiiges <A metals and glasses in 
liljht. 

■ Zat.phyt. CA/m., W, &t8 (1899). 
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which wu just counterbalanced by the halograi, this Utter 
reforming the dissociated halide or just inhibiting, at equili- 
brium, the darkening. Luther found no simple relation — such 
as inverse proportionality — between the quantity of light or 
fiux-density of illumination per unit area exposed and tbe 
inhibiting concentration of chlorine, which is probably con- 
nected with the fact that he used heterogeneous illumination. 
He concluded from further experiments that the invisible oi 
" latent image " formed by light in the silver halides bad tbe 
same chemical constitution as the visible image, and from 
measurements oif the E.M. F. of halogeniung solutions which just 



-^.d, 



bleached the visible image, just destroyed the invisible image, 
that the constitution of this latter was that of a sub-balidc, 
AgjHal, in agreement with the opinion of Abney and a great 
number of investigators on the photographic process. 

The principle employed in tiiis latter discrimination of a 
stoichiometrical relation by a dynamic method may be dia- 
gram mat ically illustrated as above. 

The K.M.F. at a silvcrhalc^en electrode, balanced against 
some " standard electrode " of known potential, is determined 
for increasing concentrations of halogen. As abscissse are 
plotted equivalent of halogen per loo equivalents of silver; 
as ordinates, values of the electrode-tension or stationary 
E.M.F. corresponding to compositions of silver and halogen. 
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SuppoBing the KM.F. to vary by discontinuous jumps or steps, 
as shown in the left-hand figure, the existence of true equilibria 
corresponding to the compounds indicated may be inTerred. 
On the other hand, if the potential changes cmtinuoutly, as 
indicated in the right-hand figure, the existence of any such 
stages becomes more hypothetical. Now it is evident that there 
is a large measure of " false equilibration " possible here, 
according to the closeness of plotting and number of observa- 
tions made, whilst on the other hand, sufficient time must be 
allowed at constant temperature'for the system to adjust both 
di^usion and eketric equilibrium. The problem is somewhat 
the same as that in the tensimetric determinations of the 
stoichiometrical composition of hydroxides.' 

Subsequent investigations malce it probable that the course 
of the curve of E.M.F. against composition is essentially and 
naturally different according to the nature of illumination of 
the system, certain definite compounds being provably 
existent in l^;ht, but non-existent in darkness. 

The question has been further investigated by E. Baur, 
H. Heyer, and H. Weisz.' Baur mixed colloidal silver with 
determinate quantities of chlorine, and concluded that mix- 
tures containing less than 50 equivalents of chlorine to 100 of 
silver were not colour sensitive, those containing more were. 
But this involves a pttitio prindpii, as is evident from what 
has already been said upon the chromatropy of colloid silver 
itself. These are already pigments, and their colour-changes 
are necessarily less perceptible than those of a halide having 
greater percentage of white halide. On the other hand, Baur 
found that the potential of a silver photo-chloride electrode in 
normal KCI solution, admixed with a varying concentration 
of free halogen, and measured against that of a standard 
mercury -calomel electrode, varied continuously with the 
halogen-concentration. Hence, if any sub-halide exist, it 
must be capable of forming solid solutions or colloid 
complexes in all proportions with normal halide. 

' Cr. ThiPhmeRuie, A. Findlay, this series. 

■ E. Baur, Ztit. phyiik. CAem., U, 613 (1903); H. Hcyer, fnaug. 
Ditiert, Leipzig, 1903; tl. Wetsz, Ztit. pkytik. Ciriw., H, 305(1906). 
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If the subbalide be capable of separate existence, eventu- 
ally, as a metastable intennediate phase, the inequality 



should obtain ; that is, the potential difference correlative to the 
spring or transition of subchloride to chloride must be greater 
than that correlative to the transition of silver to subchloride. 
Both Luther's and Baur's conclusions lead to this notion. 

Heyer made a series of measurements with carefully 
graduated halogen concentrations, and concluded as follows : — 

{a) Mixtures of all potentials (nhich act at all) are capable 
of completely converting silver to normal silver halide (AgCl)- 

ip) When silver-sub halides prepared from Guntz's sab- 
fluoride of silver by metathesis with halides of the alkalies or 
of hydrogen were subjected to further halogenization, this was 
effected by solutions having the same potential as those 
immediately converting silver (Ag) to silver halide (AgCl^ 
Luther's, Baur's, and Heyer^s values for this oxidation-potential, 
reckoned for a concentration of chloridion of lo"" per litre, 
corresponding to that of a saturated solution of AgCl in water, 
regarded as completely dissociated electrolytically are — 
Baur. Heyer. Lutbei. 

^ Ag^ AfoCl -084 -0-84 -0-78 

5rAg-»AgCl -0-99 -083 -r-»3 

n- A&,Cl->AgCl -114 -o-Sa -1-68 

Hence the existence of a half-halide of silver remains un- 
provcn in the cases of the chloride, the bromide and iodide, 
although the subfluoride separated by Guntz seems definite^ 
enough. But, considering the gradatim declension in optical 
and chemical [M-operties of the dements — 

Fluorine, chlorine, bromine, iodine, 

it appears quite feasible that the existence of hemi-salts of 
these elements with silver would be contingent to the radiation- 
field. The study of alloys shows of itself how much greater, 
how many more in number, are Ha&possibk chemical combina- 
tions which may be phiusibly alleged to exist, if only transiently 
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in naUty, than the number which it is expeditious to dis- 
tinguish practically. In fact, whereas the stable existence of 
a subfluoride is very pAbable, we shall see that in the case 
of the iodide of silver, under suitable radiation, the tendency 
of the photo-chemical reaction is rather in the direction of 
formation of per-iodides. 

So far as the photo-chlorides and photo-bromides are con- 
cerned, a purely provisional explanation of their constitution 
is that they consist of "colloid complexes" or "adsorption 
compounds" of indeterminate proportions of "silver" 
associated with silver halide, with normal ^;Cl or AgBr.' 
As has already been pointed out, there are probably two 
independent but yet interfering processes in operation in the 
action of light upon most sensitive bodies. In the silver 
halides, we may consider one as the photo-mechanical modula- 
tion of the state of aggregation of chemically singular halide, 
a modulation of aggregation and disgr^ation of its crystalline 
conformation, typified by the reversible reaction 

(AgHal)-^{AgHal), „ -I- (AgHal), 
the reaction from left to right being heleroblastic, corresponding 
to a disgre^ation of the crystalline units ; that from right to 
left bomeoblastic, corresponding to aggregation and increase 
in size of single crystal units. This reaction (or action and 
reaction) '\& photo-mechanical, its "go " is dependent upon the 
elastic stresses and strains experienced in the crystals, in their 
ellipsoids of elasticity, in the progress of polarization and 
ditfraclion of light, but it does not necessarily, but only con- 
tingently, imply any absolute segregation of the chemical 
molecule into its components. It is pheio-mechamcally and 
Ikermthdynamieaily important, but not, directly, although in- 
directly, of cheitiotaxU moment. This chemolaias is most 
probably essentially dependent upon the presence of foreign 
bodies, sensitizers, with which, sympathetically influenced by 
the action just instanced, actual metathesis takes place. It 
may only be water which is the sensitizing medium, but in 
that case, any colloid complexes of silver adsorbed to silver 
' I.iippo-Cramer, KoUmdckemit u. PhftsgrafkU (\^fiS). 
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halide involve definite degrees of hjrdiation of the hidide, wbicb 
oisociated water is simultaneously furnishing hydroxyl radicles 
to the " free " silver. There is an " ionization," for the actual 
heterogeneity of the tensions in such a condition involves the 
fact of electric charges of different sign on the micellae formed, 
and there is probably an intermediate epoch of liberation and 
resorption of free oxygen correlative to any liberation and 
resorption of free halogen. This correlation will be dealt with 
particularly later, in the case where it had been most easily 
studied, that of s'Jver iodide, owing to the greater inertia of 
iodine compared with bromine and chlorine, and the corre- 
sponding greater duration of the intermediate free periods. 

If we take only water and air as the sensitizing media in this 
cbemotaxis, the photochemical reaction proper, a large number 
of equations, all accurate enough for particular phases of the 
reaction might be written, expressing rariable organizations of — 

(AgCl), Ag(OH), (CI,) sol. in H,0, 
the formation and deformation of which would be syntonized 
with trains of vibrations of light absorbed, the pboto-micellx 
organizing according to the nature of the wave-forms incident 
in the sensitive mixture. Where other depolarizers than air 
and water are present, a greater variety of products is possible, 
and such reactions, though they may be termed reversible 
virtually or in principle, are in practice, in actuality, either 
irreversible or at the best pseudo -reversible. The photo- 
mechanical action aforementioned is to a large extent antago- 
nistic to this chemotaxis, which tends to destroy the homo- 
geneity of the crystallogenic units proper to the former, and to 
integrate de fade in body-colours, in definite chromoplasts, 
what in the pulsations of the crystallogenic units were only 
virtual and dejwe shades and colours. 

S I 18. COMrOSlTION OK THE PlIOTO-HALIDES. 

It cannot be said at present that it makes much practical 
difference whether the photo-halidcs be regarded as adsorptioiv 
compounds of silver with normal silver halide ' in various 

' Wilh traces of silveioKJdea in some cost's. 
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proportions depending upon dynamic factors of the field they 
are adaptations to, or as " solid solutions " in various, con- 
tinuously vaiying proportions, of half-halide in normal halide 
of silver. Eder ' prefers to consider them as intimate mixtures 
of ^e latter type, but having as general formula 
Ag.HaI._, 

(But, aa we have remarked, there are probably traces at least 
of other elements present.) It has been shown by Carey Lea,' 
by E. Baur8 and by Liippo-Cramer * that similar bodies may 
be obtained by the following reactions : — 

(a) Action of light on moist silver halide. 

(b) Mixture of a hydrosol of silver with a hydrosol of silver 
halide, and addition of a coagulant — this being generally an acid. 

{£) Stow or retarded chemical reduction of silver halide 
We are dealing here with aspects of change where three 
general conceptions intersect, namely, those of "chemical 
combination," " mechanical mixture," and " physical solu- 
tion," and it is by no means an easy matter to decide which 
fits the facts observed most clearly. That in the cases 
where there has been shown to exist an analytic excess of 
silver over and above the proportion equivalent to the 
formation of AgQ, etc., in the photo-halides, this silver is not 
quite the same as ordinary metallic silver is evident from the 
resistance it offers to solution in nitric acid, it being practically 
imposuble to remove the last i to a per cent, of excess.' 
Another observation leads to the same conclusion, 
Luther coated a portion of the interior of a glass tube with 
silver, another portion with silver bromide, sealed it up, and 
exposed the arrangement to light. The silver bromide 
darkened, and the bromine which was released attacked the 
silver mirror, turning it violet. Luther argues that it is 
thenno-dynamically impossible that in the enclosed system 

' Handbuck d. Phvtagrapk, 1, 109 (1904}. 
' Amer, Jeitm. Sri., t, 33, 350. 

* /.at. al., footnole. 

* ICollmdaiei Si/ter tad PhetegrafhU. 

' Cf. J. M. Eder, Ilaidhuh d. Pkal., 1, S39 (l«aii)>Ot^|c 
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considered, metallic silver should be converted to silver 
bromide, whilst identically silver bromide is reduced to 
metallic silver, hence the inference that the product <^ light- 
action on silver balide, and the initial product of halogeniza- 
tion of silver must be a sub-halide. It is feasible, however, 
that the allotropy of silver should permit the development of 
forms optically heteromorphic yet thermally isodynamic The 
theory has been sustained in regard to optical isomers in 
which not colour but polarization of light ts the criterion.* 



§ 119, Chromatropv of thb Photo-halides, etc. 

Apart from hypotheses, the photo-halides exhibit the property 
of adaptation of their body-colour to the colour of the incident 
light, reflecting blue principally when illuminated sufficiently 
long in blue light, and so on. Baur gives the following table 
as illustrating how far this property is inSuenced by the 
composition of the photo-halides.^ 



Table XXV. — Colour Refroductkin bv Photo- halidbs. 



uccnLof 
chlonnc. 


.T==. 


Tiuuniuion 
colour in film. 


Kofltdion 
colour. 


^•^"■ 


34-6 
500 

57-5 
589 
694 

7s;" 

82*0 
84-0 

87 -a 

11 

99 


Absinthe 
Yellow 


Bright yellow 

Sienna 


Olive gieeo 
Don brown 


Nil 

Correct, red po< 


Purpk*red 


Fie'^ red 
Red violet 
Violet 


Chocolate 
Red 'brown 


Go<^ 
Very good 


Ruse'Ved 
Bluish red 
Pink 
Lilac 
Fainl rose 


R<!U 
Blue 
Rose 
Lilic 
Rose 


Bluish "os£ 
Bluish red 
Bluish rose 
White 10 liUe 
Fainl rose 


1 Red too purple 
1 bliM too dark 
Very good . 



' Optically active bodies. Latb<!r'i argument requires homogeneous 
radiation. Actually, in heterogeneous ratlbtion, there is an antagonism 
between different rays {vidi p. 338), 

< Zeit.fkyi. Chem., U, 630 (19OZ). 
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It may be regarded as probable tbat, whatever be tfae nature 
of the photo-halides, similar products, In a suspended state of 
inapient dissociation, are formed in gelatino-halide emulsions. 

With increasing excess of silver the sensitiveness and 
capacity for rendering colours diminishes; the pinkish 
preparations containing about i to a per cent of excess silver 
are the most sensitive. Somewhat similar results were 
obtained by Wiener ' using Poitevin's preparations. He 
groups the phenomena together under the general title of 
colour-adaptation (Farben-an passu ng), and points out :— 

There exist substances which exposure to illumination of 
definite hue causes to acquire the capacity of predominantly 
reflecting that hue. Wiener accounts for the production of 
these in a system capable of alternating between black, i.e. 
total absorption, and white, i.e, total reflection, as In the system 
silver ~ [silver halide, on the ground of the mechanical 
principle of least actioa In red light, red photo-chloride is 
formed, since it reflects red best, that is with minimum absorp- 
tion and hence least action or change in the sensitive base. 
The stability of the red form is attuned to that of the field it 
is exposed to. This Wiener terms " mechanical adaptation " 
as distinct from the purposive adaptation of living creatures 
to their environment. Wiener points out that this automaticity, 
this existence of substances adapting their colours to the 
colours of the incident light, may help to make more in- 
telligible, not so much the fortuitous factors in organic 
evolution, as the origin of the direct influence exerted by its 
environment upon living matter. Colour-adaptation is a well- 
known fact in biolc^. One will recall the chameleon, a 
beast apparently intended to point a moral or adorn a ule 
in proverbial philosophy. But investigation soon shows that 
the chameleon does not stand alone. Thus the pupsc of 
many, perhaps the majority, of Lepidoptera normally take the 
colour of their surroundings.' A definite chroma tropic 
pigment was extracted by Poulton from the epidermis of 

> rfut/.^HK., 60,488(1899). 

' Cf, Dit Gmndlagea dtr Fariett-fhotffgra/-iif,iiamTahntz,TAe Wi»«nl- 
schaft, 14, p. 59(1906}. 
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Amphldasis betularia, a species possessing a very elastic 
capacity of colour adaptation. The epidermis consists ofa 
dark outer [»gmcnt, beneath which there is present in fat-cells 
a green pigment, which ia apparently the substrate of the 
dark pigment This latter, Itlte the " mixed black " of the 
modem photo -chromic processes with sensitive dye- mixtures,' 
degenerated in light into a wide ninge of hues, varying itom 
black, blue-green, brown, green-grey to white, according to 
the illumination. This adaptation is capable of reproducing 
other colours than those normally presented to the organism 
under its natural conditions. Thus by suitable illumination 
Morris obtained white, red, black, and blue pupte of 
Danais chryHppvs, which are usually either pink or green. 

Such facts, whilst of course illustrating the proposition 
that the boundary drawn scientifically between inorganic and 
oi^nic beings, between non-living and living nature, is an 
artificial one, point to evidence for the Lamarckian view that 
the effort to adaptation on the part of an evolving organism 
is reciprocal to direct and causal influences emanating from 
the environment — U mUiai am/>iani, as Geoffrey Sl Hilaire 
termed it — itself, and that the so-called hathmic factor, the 
primitive impulse to variation, which was all that Darwin 
required for the theory of natural selection, is not simply 
centred in the individual organism but conjugate with an 
extrinsic factor of a similar order, though it may be of different 
scale of duration, implicit in unorganized nature, which leads 
on the determination of metamorphic change.* 

Fluctuations of their hue and texture under change of 
illumination are exhibited by many slightly soluble halides, 
sulphides, etc., of the metals. Calcium sulphide, CaS, changes 
colour,' mercuric sulphide* passes from red to black in 
' Cf. Dii Criiudlagtn dtr Fatitn-phgtcgraphii, Sammlnng, Die Wiuenl- 
schaft, l«, p. 59 (1906)- 

* On colour adaplation in liring muter, see J, W. Wood, Fne. EhI. 
See., 1S69, p. 99 1 E. B. Poullon, " The Colour of Animals," 1G90 (K^an 
Paul, Trench & Co.); F. E. Beddard, "Animal Colouralion" (London, 
189s). P- "3S- 

■ J. R. Mourelo, Artk. la. Pkys. koi. nfer. [4), U, tj (190S). 

■ Cf. J. M. Edti, //amfiucA d. Fhelagr., 1, 130(1936). 
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suDligfat, a change noticed by Pliny and Vitravius ; it is greatly 
affected by solvents and reversible by heat. Arsenic tri-sulphide, 
ii&Sht is said to pass from a crystalline to an amorphous state ; 
in connection with this the foimatioD of thio-arsenates and 
arsenites, as wdl as of the colloid complexes studied by Linder 
and Hcton,' should be considered. The iodides and oxides of 
mercury are also light'senaitive to some extent, as is cuprous 
iodide. These substances all give photo-electric effects 
(vide^. 361). 

5 ISO. Phototropy, etc., of Cahbon Compounds. 

The influence of light on carbon compounds is at least as 
intense at times and as extensive throughout as that which it 
has on inorganic materiaJs. Of all the elements carbon seems 
to be the one which, somewhat paradoxically, exhibits the 
greatest inertia, the greatest energy, and the greatest entropy 
as regards radiant energy and light. It is only possible here 
to coo^der the interaction of light and carbon compounds at a 
few points. Baly's conception of isorropesis (p. 179), taken 
io conjunction with the experimentally evident correlation of 
dynamic isomerism with selective absorption, serves to indicate 
that the scope of a complete photo-chemistry of the carbon 
compounds would almost coincide with a general reaction- 
cheftistry of these bodica. Hence we shall select the following 
points of particular interest -.— 

I. Phototropy of heterocyclic keto-bodies and of the ful- 
gidei. 

II. Influence of light on stereo and dynamic isomerism of 
carbon compounds. 

III. Photo-chemical bleaching of organic dye-stufis and 
coloration of leuco-bodies. 

IV. Pboto-chemicat synthesis of organic compounds. 
Chlorophyll and photo-synthesis in plants. 

Of these, sub^^tions III. and IV. are considered after the 
chapters on photo-electricity, fluorescence, and cbemi- 
luminescence. 

■ Tram. Cktm. Sec., U, 114 (1S93}. 
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I. Markwald first proposed the term " phototrapy " to 
denote the behaviour of quino-quinoline hydrochloride, wbidi 
passes from a transparent whitish condition in weak light to 
a strong yellow-green hue in intense light, the change reversing 
spontaneously in darkness, but more rapidly if heat be applied.' 
Similar, and even more remarkable, are the changes shown by 
the ful|^des on variation of the light flux, which changes are 
better grouped under the term " chromatropy." 

The fiilgides are a class of dye-stufTs discovered and 
investigated by H. Stobbe.* Stobbe gives as the graphic 
formula typically representative of the group— 



=C— C=0 



^ ! \o 
^>c=c-<5=o 



where R is a radicle, as hydrc^en, or an aryl or acyl group. 

These bodies, when exposed to light, undergo two kinds of 
change, one transient, reversible, and yielding the same chemical 
body; the other permanent, irreversible, and yielding quite 
different bodies. This second change is cumulative ; it may be 
r^arded as corresponding to a gradual fatigue, as the virtual or 
purely reversible change is tnoie and more deficiently executed. 

Thus if tri-phenyl-fulgide is powdered and placed between 
glass plates, after storage in darkness it appears at first orange- 
yetlow in colour. Exposed to white light it goes brown, to blue 
light, black.brown. Investigation with a spectrum showed that 
the orange-yellow A-form is sensitive to blue and violet, f>. to 
the rays it absorbs. The B-form thus produced is really blue ; 
it absorbs orange, red, and infra-red rays, and is converted 
back by these into the A-form. Thisreverse change takes place 
only slowly in darkness, but may be accelerated some looo to 
30O0 times by heating. From the standpoint of the structure- 
theory of organic bodies it appears that the two forms are 
identical, although it is possible that some stereo-isomerism of 
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the j^«- and un/Mype might fit the case. The two extreme modi- 
fications appear to form intermediate solid solutions in every 
proportion, and the actu^ equilibrium ratio at any moment 
depends upon the colour and intensity of the light the system 
is exposed to, as well as the temperature of surrounding media. 
Roughly speaking, we have the scheme 
short 
A-form ^ B-fonn 
long 
waves 
expressing such a chiomatropic transition. In accordance with 
the principle of mohile actinic equilibrium, cases have been 
found of substances practically colourless in weak white light 
which give coloured bodies in stronger, more intense white 
light, which is due to the increasing proportion of rays of 
greater oscillation-frequency in the more intense light. Such 
is the case with ietra-ehlt>r-hti>-n<^hihaline, which is cdhurless in 
whole crystals, white when powdered, in weak light, but turns 
red-violet or purple in strong light, the exciting rays being 
chiefly in the extreme violet and neighbouring ultra-violet, as a 
quinine lay filter prevents this change. The exciting rays were 
found to lie between 359 ;i/i-388 /i/i, the reversing rays from 

The results for three such bodies are — 
Table XXVI. 



Keto-naphthol 
Di-phenyl-fut- 



A388-3SOW A 576-514 W 

white or colourUiis red-violet 

A 5>0'436 w *- 6»S-S"> (M" 

yellow -gi«en blue 

* 550-440 W infra-te<l lo 550 fifi 

orange blue 



It will be seen that these substances all tend to follow the 
colour-adjustment principle enunciated by O, AViener.' Two 
deductions are of interest : — 

' i«r. <*,. p. 33S- 



340 PHOTO-CHEMISTRY 

(a) The exciting and reversing rays are mutually inter- 
depend^it, i.e. are ipeeificnlly antagonistic in r^ard to the given 
body, or in respect of the regulation of its constitution. 

ip) Any displacement of the locus of the exciting group of 
rays towards the shorter or longer radiations, for another such 
substance, involves a corresponding displacement of the locus 
of the group of reversing rays. 

Hence it is obvious that bodies might be isolated which 
would become coloured by absorbing infra-red rays, supposing 
a group of infra-red tays to be thus, in respect to the chemical 
potential of a certain substance, conjugate with a group of lays 
in the ultra-violet or to the visible region. In fact, such bodies 
as the double iodides of mercury and the alkali metals practically 
exemplify this, the coloration of which by heat-radiation may be 
used to map the equi-potential lines of flow of heat in a solid 
conductor.' Similar mobile chromatropic phenomena, involving 
the transient development (but without fixation or arrest) of 
dye-stuffs, may be observed with many isomeric keto-bodies of 
high molecular wdght, and they overlap with the mutations to 
which Hantsch has given the general term pamtochrotmsm} 
From the ketones we may take as example the photo- or rather 
chromatropic inter-conversion of the two stereo - isomeric 
piperonyliditti aatones, or the photolysis of the oriAo- and para- 
benzylidene di-oxy p-bensinm? Of these the ortA^hody is 
recognized as fluctuating between two phases 

a-ketone r^/3-{iso)-ketone 
dark yellow light yellow 

whilst three inter-convertible phases have been assumed forthe 
/^ru-body 

^"•^ in varying illumination 
(iso-ketone) fiv^y (allo-ketone) 

' " Demonsliation von Iso-lhermen anf Platten," /uaug. Dili., O. Hen 
(Marburg, 1906). 

' .\. IlanUcb., Bir., M, 17S3 (1910) ; cf, Ann. Rtperti Ckem. Sk., 
•.58 ((911). 

' II. iilobbe and F. J. Wilion, Ann. Cktm., B74, 3J7 (1910). 
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Similar behaviour has been observed with the osazones and 
Aydrasones. The bmmldekyde phmyl-hydrasone 

C.H,.CH = N.N< 
fluctuates according to the scheme 

H.v. and vio/et 
Hydrazone A _, Hydrazone B 
white to light yellow ^~ red 
yellow 
Obviously, in such cases, transient oxygen-occlusion and 
exclusion, with fugitive formation of aso-dye-stuffs, is quite 
within the bound of probability. This is supported by the 
fact Ibat toe virtual or reversible changes noted above cannot 
be indefinitely repealed, or, at any rate, the variation of the 
radiant field tends to become irregular in period, with the result 
that a slowly cumulative irreversible change gains ground as 
concomitant, tending to the formation of colourless or coloured 
products more and more indifferent to casual fluctuations of 
the radiant environment. 

This induration, which may be regarded as the mode itself 
by which permanent fast organic pigments are produced in 
nature, is as yet little understood, but in the case of the 
fulgides it appears to be analysable into three principal 
stages. , 

1ST Period \ Chromatropic mutation of fulgide > c,.H„0, 

t or allo-fulgide ) 

Suggested structural formula : — 

C.H,, 

^C=C— c=o 

C.H /° 

>c=c— c=o 
w 

i Formation of a structural isomere. Possibly 
an oxonium-complex, the oxygai talcing a 
cential position in the complex. 
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The empirical formula is still CmH,(0,. 

This stnidural isomere is meta-stable, 
readily forming a labile red body, also 
CjiHigO, which passes to the photo- 
anhydridt CnH„0„ which is IMU in its 
nascent state, stable soon after.' 

II. Phottxhemkai ehar^ and steno-isomerism. — Chroma- 
tropic phenomena compenetrate insensibly with those leading 
to the conception of stereo-isomerism. The criteria of this 
form of isomerism being principally optical, we should expect 
to find most of the transformations concerned sensitive to 
light. The use of light not merely as indicator but as effective 
agent in this branch of physical chemislry is yet in its infancy. 
We shall only cite here the photo-chemical ly induced transitions 
of cis and i!ra«j-isomers in bodies containing an ethylene bond 
>C=C< with the dis-symmelrical grouping — 

in force, the outstanding example of which is that of mUleic 
a.nd/umari£ acids : — 

COOH— C— H Maleic add 

COOH— C— H r cis-cia or «>-form 

COOH— C— H Fumaric acid 

H— C — COOH r cis-trans or frofis-foim 

The maleinoid form is sometimes termed plane-symmetrical, 
the fumaroid form axial-symmetric. Its formation from its 
isomer is accompanied with an evolution of heat.* Light 

' These transitions should )« compared with those snggesled for Ihe 
phol(>Jijdrolysis of inorganic salM of Ihe metals, p. 319, where a loine- 
wh>t similar series of modi licat ions taiies place. 

• On (hii aabject see A. W. StewatI, Slerriiekemiitry, this series, 
p. 156. 
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generally seems to accelerate the change from the fumaroid 
to the maleinoid form.' Other similar or derivative cases 
are the conversion of rtV-cinnamic acid into frawj-cinnamic 
acid, with evolution of 35'4 K. of ff.r-furfuro-acrylic acid 
into the /r<i»j-acid.' All these changes are exo-thermic, 
and apparendy irreversible, though experiments do not 
seem to have been made on the use of intense ultra-violet 
radiations, or of plane-polarized infra-red rays in this con- 
junction. 

It is necessary to point out that both forms seem some- 
times to be in dynamic equilibrium with a so-called meio- or 
ijf-acid,' and this accentuates the possibility of the reaction, 
the conversion of the unstable af-form into the stable trnns- 
form, being at least potentially reversiblei 

This form of stereo-isomerism approaches that shown by 
many carbon -nitrogen compounds,' the two extreme forms of 
the amphimyxis of which are illustrated, in the simplest case, 
by such an aidoxime as — 

QH,— C— H C.H.— C— H 

II ^ II 

N— OH HO— N 

Benzj'^n-aldoxime. Amphimyxis. BenzunA'-aldoxime. 

Configurations can sometimes be assigned to the amphi- 
body, but it is probable that for such indeterminate interme- 
diary bodies, static and graphic formulae are {vide p. 179) 
inappropriate. 

That most of the transmutations involved in this region 
of organic chemistry are affected by light, it may be only 
catalytically, or actually, effected by light of some kind — due 
regard being paid to the antagonistic workings of different 
radiations — may be considered as certain, but exact determi- 
nations of the influence of different light-sources are wanting. 

' Cf. J. M, Eder, Handbtich d. Phot., 4, 330 {1906), 
* Ut^liermann, Srr., S8, 1443 (1S96). 
' Cf. Slewarl, ioc. til., p. 195. 
' Stewart, he, til,, p. 197. 
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In the case of the nearly allied diazo-com pounds, in which 
the group — N = N — is present, several photolytic changes have 
been studied,' but these pertain to a wider rubric than that of 
stereo- isomeric transmutation. 

There remains the vast group of problems centring about 
an asymmetric multi-valent atom, primarily a carbon atom. 
It will be remembered that the principal characteristic of these 
bodies is, that when not externally or internally compensated, 
they rotate the plane of a polarized light-ray.' 

Independently of any theory of the interaction of light 
and matter, we are bound to assume that the rotations 
measured in these cases are equilibrium-values consequent 
with a more or less rapid installation of a photo-chemical 
stationary state (wi/,f p. 325), an equilibrium, essentially dynamic 
in its nature, of balance between the vectors or directed 
quantities, of the light-ray, and the electro -magnetic field of 
the molecules responsive to it. That the condition of affairs 
does not always revert, subsequent to this determination, 
absolutely to the status quo ante^ that is, that there is sometimes 
manifest an imperfect elasticity in the optical rotary power of 
the molecule in question, corresponding to a permanent photo- 
chemical deformation — is shown in the phenomena <rf muta- 
rotation, and further illustrated in the actual inversion of cane- 
sugar by ultra-violet light. 

A beginning of a completer photo-chemical study of this 
question has been made in the investigation of the influence of 
the wave-length of the light on the optical rotary power of the 
molecule.' The parallelism between rotation- dispersion and 
colour-dispersion is very considerable, and the existence of 
anomalous rotation dispersion shows that the same photo- 
chemical equilibration is called into play as in chromatropy, 

' O. Ruff and V. Slcin, Bcr., S4, 1658 (1901). 

' A. W. Slewart, Ster/echcmistry, this series. 

» Which viitnalily or reversibility of ihe light-action ii ihe cortdjtion of 
its lieing a single-valued phytual pri>pcrly of the sutistance. 

' CfChr. Winther," Polarimeltic Researches and the Theory ofOptital 
Rotalion," Zeit. fhyi. Chem., il, 161 (19OJ) ; 44, 331 {1903) ; 60, 563 
(1907); 80,685(1907). 



SPECIAL PHOTO-CHEMISTRY 345 

albeit differently manifested So far, attempts to separate 
optical antipodes from synthetic compounds potentially but 
not actually " optically active," by means of circularly polarized 
light, have not been successful.' 

■ Henle and Hiakh, Ber., 41, 4361 (1908) ; cf. also A. W. Slewart, 
" Recent Advances in O^anic Chemislry," p. 151, 191 1 (Longmans). 
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CHAPTER IX 

RADIANT MATTER AND PHOTO-CHEMICAL CHANGE 
§ III. Prelihimarv. 

Wf. have to proceed shortly to the main alternative aspect of 
the mobile photo-chemical equilibrium, to pass from the con- 
sideration of light as a causal agent of chemical change to light 
as an effeet or resultant of chemical change, i.e. paraphrased, 
of chemical changes as causes of light, perhaps the most 
fundamentally initiative causes thereof. And this voUe fatt 
may perhaps be rendered less abrupt and inharmonious if ve 
achieve it by vay of some consideration of the phenomena of 
"corpuscular radiations," of photo-electric currents, and the 
analogy of the chemical activity of the former to that of light. 
Divers and diverge as are the forces of nature, yet their very 
undying antagonism convokes an equilibrium of poirer, that 
energy which we have to postulate as constant in the sum of 
its forms potential and kinetic. Our prime motors derive 
their force from a conversion of potential into kinetic energy, 
and the tax which the ambient medium levies upon each such 
transaction, the death-duty on the element of potential energy 
passed over to the kinetic condition, is termed increase of 
entropy. Entropy is to energy like the increasing shadow 
thrown by a setting sun, but ignorant as we are yet of much 
of the detail in the matter of the diffusion and dissipation of 
available potential and macro-kinetic energy {vis viva of 
sensible movements) into unavailable potential and micro-liinelic 
energy (riV viva of insensible movements), we are yet more 
ignorant as to the inner mechanism of the way in which a 
concentration of diffused radiant energy is effected in life — 
the photo-synthesis of food and fuel by vegetative life. 
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% 122. Cathode Rays and Phototrophy. 

Of the numerous physico-chemical changes producible by 
cathode rays, i.e. by streams of negatively electrified particles 
(electrons) ejected from the cathode when a high tension 
current is allowed to discharge between metallic electrodes in 
exhausted vessels, and also, to some extent, by metallic surfaces 
exposed to intense radiation and by naturally radio-active bodies, 
only a few can be mentioned here, to illustrate the continuity 
of the phenomena of electric radiations with those of light and 
photolysis. We may consider these physico-chemical effects 
as due to at least two or three interdependent factors, 

(a) The independent electron possesses a kinetic energy 
Jmi^,' in consequence of which it exercises an elastic impulse 
upon impact on the particles of coherent matter. E. Bose ' 
has endeavoured to explain the greater part of the effects of 
i8-rays, considered as streams of electrons moving with velocity 
approaching that of light, solely as consequences of the elastic 
shock or impact which they communicate to dense matter. It 
is questionable if this purely mechanical hypothesis is suffi- 
cient, though it must be remembered that under the relatively 
enormous pressures suddenly generated on the impact of pro- 
jectiles, many auto-catalyzed reactions, such as take place in 
an adiabatic envelope in which a exothermic reaction is 
' initiated, thus become possible. 

{b) Taken at large, electrons are not absolutely homo- 
) geoeous inter se. Only a bundle of the same generation, 
I originated with the same initial velocity, and henceforth linked 
* together by the same velocity-gradient, form a homogeneous 
I group or ^/nr/n'im as it may be called. There remains a similarity 
3 between groups of electrons, however, of different velocity- 
[! gradients, so long as these are not incommensurable in 
» magnitude, which results in this, that two groups travelling 

f ' The "miss" m of an elcclran, whatever theory of Ihe relativitj' of 
m motion and time be .tdopted, is certainly > funclion of its Telocit]r, i.e. 
I of iti speed and direction conjointly. Those interested majr tludy the 
1 recent researches on the migrations of electrons in fields of force. 
f • Zaitekr.f. ElMrxkm., 10, 5SS (1904). 
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with different velocity-gradients exercise a common shearing- 
stress on the medium they traverse, and this shearing-stress 
may be regarded as the mechanical analogue of the field of 
electro-magnetic or radiant energy due to the free electrions, 
or groups of electrons with a roving commission. 

{() Since cathode and /3-rays result from a disturbance 
of electric neutrality (of an electro-static equilibrium), there 
recoils in the opposite sense to the path taVen by the ;S-rays 
an equivalent quantity of positive electricity. If this is 
reflected, it may travel, quasi-independently, in the same 
direction as the ^-rays. Such are the a-particles from radio- 
active bodies. If given free space in the inverse sense, we 
have the so-called canal-strahen observed by Goldstein. 

Where cathode rays impinge upon dense matter, they 
induce, according to its constitution, secondary cathode or 
j8-rays, heterc^eneous with the primary rays, and X- or 
Rontgen rays, also varying in homogeneity and hardness 
(penetrating power) with the nature of the material excited as 
well as of that of the exciting beam. According to one hypo- 
thesis, X-rays are irregular, incoherent pulses of electro- 
magnetic vibration in the sether, travelling with the speed of 
light (Stoltes). According to another, they are ultra-violet 
vibrations of very short wave-length and great group-velocity. 
And according to yet another, they are corpuscular in nature, -. 
consisting of neutral couples of a. and j8-rays travelling together, \ 
as it were, an electric image and its inverse, the phantom of a * 
binary molecule. 

Independently, however, of any mathematical and mechani- 
cal theory of the nature of these new-comera in the field of 
physics, this radiant malter constitutes a fourth self consistent 
State, its units distinguished by their function smI generis as 
self-moving sources of light, electricity, heat, and mechanical 
strain in ordinary matter. 

Corresponding to the much greater dispersion of the 
centres of force of substances in the radiant state, it is then 
and there that the elective or selective aflinities of the elements 
have freest play. And it must be remembered that there is no 
single metaphor borrowed from historical mechanics which can 
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unambiguously express the nature of chemical affinity. It is not 
simply a force of atttaction, for it is as much manifest in the 
movements of repulsion of particles of matter as in their move- 
ments of attiaction. And it is doubtful if it be measurable 
truly by the same units as physical eneigy. It is rather an 
enduring synei^y of forces, each battle-wave of which, if it 
happen to break, liberates a finite, discontinuous quantity of 
energy. 

It was found by Goldstein' that the reactions provoked 
by cathode rays were very similar to those originated by very 
short ultra-violet rays. The majority of substances in the 
focus of a cathode dischai^e become self-luminous, giving 
characteristic emission spectra,' in particular the salts of the 
alkalies and rare earths. The salts of the alkalies, at least 
the halogen salts, acquire a coloration which varies with the 
metal, the halogen, and the exposure. The halides of 
potassium, rubidium, etc., become permanently coloured, but 
not the halides of divalent metals. It appears that a partial 
reduction takes place, but there has been much debate as to 
whether a ju^halide or a solid solution of free metal in normal 
halide is produced, it being supposed that on intermission of 
the enei^-flux tiie balide rapidly re-sets and insulates the free 
metal. On exposure to air and moisture the coloration 
disappears. By means of the ultra-microscopic method of 
" dark ground " iiluminati(m, it has been shown that the 
substance becomes optically inhomogeneous, fine nuclei 
being dispersed in it, to a depth varying with the intensity of 
the cathode rays. 

Schmidt made the interesting observation that (he 
calhodically coloured KCi and NaCl crystals after short 
exposure gave a considerable alkalinity to water, but that this 
is not obtained if longer exposures are given. There seems to 
be evident here a solarizing or reversing effect similar to that 
obtainable in many photo-chemical changes,' and which we 

■ Wtid. Ann., U, 83 (18S0). 

■ Sametiniei called calh^t-flmfhortteate ; cf. G. Urboin, /nAv- 
dttetian i VEindt dt la SfatreitefU, p. 145 (igil) (Heniunn, Pmu). 

' Cf. Uie weTl-kooH'n revcml of photosra[^ image*. 
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may regard as probably consequent with the heterogeneity 
of the rays. It would be the cumulative antagonistic effect of 
the Blower moving, less intense rays restoring the equilibrium 
disturbed by the more intense radiation. 

Silver and mercury halides are also altered by cathode 
rays. The electric potential of the darkened silver chloride 
is about the same as that of the photo^hloride, but the 
chemical composition is equally uncertain. Mercurous 
chloride, Hg^Cl,, turns black, whilst mercuric chloride, HgCU, 
is said to be reduced to calomel, HgiCla with emission of 
light (luminescence), the calomel then darkening. But the 
quantities changed are so small that quantitative confirmation 
of the decompositions suggested is lacking. In the case of 
mercuric chloride, the change m^ht be represented by the 
scheme 

a® + aHgCla-^HgiCl, + {ci.Cl^CI,} 

luminescence due to Budde 
effect in the freed chlorine 

one electron being fixed in the liberated chlorine molecule, 
one in the calomel molecule, this fixation of electrons ' being 
concomitant with the luminescetue in the one case, the colour- 
ipiensificatioa in the other. 

The darkening of dried AgCl, which does not proceed to 
any appreciable extent i» vacuo in ordinary light, i.e. in the 
absence of water or other sensitizer, can be effected by cathode 
rays, though here i^ain in very high vacua the alteration is 
extremely smalt. Silver bromide, which is normally yellow, 
passes to green or greenish-grey, returning to yellow with a 
better vacuum (a tube yielding harder X-iuys) or on 
heating. In view of the impermanence and amb^uity of the 
phenomena, Abegg^ considered that the changes effected 

■ Cr. P. Lenard, SiH. her. Htidtl. Aiad. d. Wits., 1909, Abh. [3]. 
pp. MUtq. 

• Cf. a review of th«se actions by H. Herba, yakrb. d. RaJiooclaMal, 
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are only physical. It comes to the same thing if we say they 
are isodynamic, like the chromatropic changes already 
mentioned. That a valency-displacement is effected is 
probable, but it may be only virtual, induced as a strain 
by the shearing stress of heterogeneous radiation, already 
mentioned as concomitant with the inequality of the velocities 
of the niys. 

We know little of the mode of e^gr^alion of matter in 
the solid state, but if we suppose, taking the case of AgCi, 
that the formula (AgCl),. represents a physical, crystallogenic 
molecular-complex, m being an association-factor, then this 
group, which ex hypothesi reacts as a unit group to a light- 
impulse, may be conceived, under the actinic shearing stress, 
to undergo a double displacement of its affinity away from 
the prior condition of equilibrium, the one displacement being 
in the direction of per-halogenization of a part of the metal 
(analogous of course to per-oxidation), the other in the 
direction of sub-balogenization (analogous to reduction), so 
that we have two opposite chains formed in parallel : — 



1.1 



Agl.Cl 



AgCI. 
AgCl', 



Ag.Cl 
AfoCl 



AgCl. 
AgCl, 



(AgCl). 






The sum of all the transformation equivalents on the one side 
being a positive magnitude, that on the other a negative 
magnitude, actually equal, the same multipiidty m ' would be 
fixed for a reversible, isentrepic, chromatropic variation of the 
molecule-complex on photo-stimulus, as for the crystallogenesis, 
the same limit, for the substance in question, determining its 

' The actoal (i^ficance of Ihe modulus m would be that of ■ proba- 
bility-index, and, ID fact, of Lhe cobedun of m identical molecules in one 
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chromatropy or colour-adaptation in cathode rays, as its 
mechanical coherence and actual size. 

The strain thus induced might then either devolve of itself, 
on cessation of the slrus, hy inner neutralization of the sub- 
and per-halides engendered, or, in the presence of depolarizers, 
give rise to irreversible diemical changes. In the scheme sug- 
gested, the reduction in one direction is couaterbalaoced by 
the oxidation in another parallel to it, so long as the change 
remains virtual. In consonance with this rather physical than 
chemical theory, and against the idea of separation of pure 
metal, Goldstein urges the fact of the cathodic coloration 
of ammonium balides, and of the halogen compounds of 
organic amines. The colour obtained is deeper the lower the 
temperature at which the exposure is made, this seemii^ to 
retard the self-damping of the change. But alij^dc halogen 
bodies also exhibit the coloration in cathode rays. Goldstein 
inclines to the hypothesis of a " certain virtual rather than 
absolute separation of acidic and basic, or n^ative and 
positive radicles." He expresses the opinion that " through 
the action of cathode rays, the light-absorption of the elements 
composing a compound is greatly increased. Hence, in an 
aggregate of elements which is normally slightly coloured, the 
specific absorption is greatly intensified by exposure to cathode 
radiation, so that even extremely smalt quantities become 
intensely coloured." 

In the scheme provisionally suggested, and which supposes 
two series of datouemenls set going by the cathode ray, and, 
so long as not interrupting each other, transpiring through eadi 
other for the duration of the coloration, it is evident that 
s^regation of metal and of free negative radieU are possible 
extreme consequences which might easily become actual, in 
the event of depolarizers being present. And it is rare that 
crystals can be found which do not contain some trace of 
occluded water, air, or what not Siedentopf,' who made an 
ultia-microscopic study of cathodically coloured NaCl, and 
of naturally coloured rock-salt, found that the coloration of 
crystals of ihe former usually only extends 0-5 to i-o^ with 
' /Ayiii. ZaiKhr., 6, %%% (1905). 
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cathodic radiation, but that induced by radium rays may go in 
several millimetres. The first after -coloration is due to a 
microscopic nuclei, which on heating fuse to sub-microns. 
The particles in the case of NaCl are quasi-ciystalline, 
foliated or spicular. He considers them to be anal<%ous to 
the gold-particles in ruby glass. The view that a partial 
reduction of the base to a metallic state is effected is supported 
by the coloured crystals giving strong photo-electric effects 
(cf. p. 361).' 

§ laj. Radio-activity amd Photolvsis. 

The physico-chemical changes produced by radiations 
from radium and other such bodies pertain to the study of 
racUo-activity, but their affiliation to photo-chemical change 
is obvious when the characteristic chemical changes produced 
are surveyed. In the disintegration or radio-active decay of 
radium, etc., it seems that the seat of intensest activity is the 
emanation? The rays emitted from the emanation as this 
breaks down are distinguished as — 
EmanatioD. 



i I I 

a-iays. ft-ny^. T-rays. 

Carrying a posilive cliBtge, N^alive cairiers, Non-deviable. Equiva- 

deviable in magnilic devtable. Iden- lent to very penetral- 

field. Rapidly absorbed (ical wilh ca. \ag X-rays. Produce 

by niosl malecials. Those thode rays. Eecoodary radiation in 

from Ra luive Mrong solids, ionization in 

photographic action. gates. 

AIpha-ray!.-~KccotA\ng to McClimg' the ionlzation-range 

■ Elstei and Geiicl, IVitd. Ann., Hi, 487 (1S96). F. Haber obtained 

violet -coloured KCl in the neighbourhood of the cathode, on electrolysis 

at the fused chloride. 

* As the phydco-chemistry of radio-acli»e substances b already n pro- 
foundly specialiied field of worlc, the brief discussion given here is made 
entirely in the inierest of the side lights thrown by the phenomena and the 
tbMiry npon photo-cheoiical changes. 

* PMH. Mag. [VI. 1, to, 163 (1905). [A later valne, given by Bragg, 
i'iudiei in Radio-attrBity, is 7*14 cm. The ■-panicles have been ibovm to 
ht atoms of htHum, which alternate a posiiively charged with a neutral 
Kate.] 

T.P.C. a A ■- 
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in air of the a<ia]'s from radium is about 6'8 cms. Rutherford ' 
and Duane* state that ionization, phou^raphic action, and 
excitation of phosphorescence, as well as the induction of 
secondary radio-activity, by these a-tays stop for the same 
thickness of absorbing screen, an indication of the close 
connection of these various phenomena. Ruthetford suggests 
that both the photographic action (or [^oto-cbemical effect) 
and the excitation of phosphorescence are secondary to 
" ionization," but it may be objected that the ionization theoiy 
is primarily intended to explain the facts of the electric con- 
ductivity induced in a medium, whilst photo-chemical change 
may be brought about without increase in electric conductivity 
being shown. Such increased conductivity may lather be 
considered as the anomaly of true photo-chemical equiUbration, 
which is a dynamic adjustment of the inner chemical affinity 
of the molecule to an outer field of radiant energy. 

The a-rays are similar in many respects to the canal-rays 
found by Goldstein * as shot back through a perforated cathode 
in a vacuum tube, on the side remote from the anode. It was 
shown by Wien that they consist of particles sometimes posi' 
tively charged. Schmidt * showed that they oxidized a copper 
plate, but this effect is due to activation of oxygen, as in 
hydn^en they reduce copper oxide. Later E. Gehrke and 
O. Reichenhein* obtained radiations from the anode in vacuum 
discharge tubes, using fused alkali salts as the anode material. 
The radiations behdved very similarly in many respects to 
cathode rays. They give line.«pectra which agree closely with 
those given by salts in a Bunsen flame, but are probably travel- 
ling with immensely higher velocity than the positive carriers 
in such flames,' They exhibit, viewed " end-on," pronounced 
poppler efl[ects, from which the velocity could be calculated. 
They are deviable in a magnetic field, and a calculation of the 

• Radieactmty, p. Io8. 

' W. Duane, C. R., 148, io8S {190S). 
> WUd. Ann.. H, 4; (189S). 

• Ann. Pky$., 9, 703 (190a). 

' Chim. Sec. Trata., M, 317 (1909). 

• See p. 397. 
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mass of the positive carrier, from sodium chloride, based on 
the viode pQtendal-giadien^ the magnetic deviation, and the 

value ^ = 9'5 X lo*' for the ratio of charge to mass of the 

hTdrogen ion for unit potential-fall, gave the value ai to 
13 times that of hydrogen, i.e. a dose approximation to the 
atomic weight of sodium. It is interesting to note that the 
behaviour of anode rays b very similar to that of cathode rays. 
}. Stark sees in the o-particles or anode rays of these the 
originating centres of serial line-spectra ; further, he considers 
that when their free movement is impeded they bring about 
chemical change, forming the " latent images " in silver salts, 
and Weigerf s " photo-ferments." 

The ^-rays from radium and radio-acilve bodies are 
identical with cathode rays, which were first obtained outside 
the focus tube by Lenard, who used aluminium windows trans- 
parent to them, and exert the same physico chemical influences 
as these. O. Flasctmer has recently shown that the jS-rays from 

radium affect the potendal-diEference of an 'vf( solatioD 
boundary in the same sense as light does, the sensitiveness 
being greater the larger the initial potential-difference is made. 
They also precipitate calomel in an Eder actinometer. ^-rays, 
as already explaiued, whether obtained from focus tubes br 
radio-active substances, are heterogeneous, i.e. are composed 
of groups of electrons with different velocity -potentials. They 
are absorbed according to an exponential law, and the 

absorption -constant /, calculated from the formula p = e'", 
where d is the thickness of the absorbmg layer, is a function 
both of the velocity of the electrons and of the atomic or 
molecular density of the absorbing substance. 

S 134. Photo-electric Currents. 

The absorption of light and radiant energy by gases, 
liquids, and solids is always accompanied by changes of electric 
state in these, a fact in harmony with the conception of light 
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as an electro-magnetic perturbation of the aetber, concomitant 
with a matenal displacement current. We may classify the 
effects observed provisionally as follows : — 

(a) Ionization and consequent increase of conductivity in 
gases, liquids, and solids directly due to passage 
of light. 
{b) Indirect ionimtion of a gas by reflection or emission 
of corpuKular rays from a contiguous surface of a 
denser phase, 
(c) Concomitant differences of potential and E.M.F.'s 
developed in a system typified by — 



the interstitial medium conjoining the electrodes being partially 
a conductor, partially a di-electric, this latter breaking down 
to some extent in consequence with the actions scheduled 
under (a) and {b) in the foregoing synopsis. In all such 
phenomena we must remember that any contiguous phase not 
taken into account immediately, t.g. a gas-phase such as air, 
may play the part of a condenser or extra-capacity, which may 
sometimes reinforce the effects observed. 



§ ras, PaOTo-iOKizATiON of Gases, 

Gases are usually poor conductors of electricity. The 
various ways in which they may be brought to conduct have 
been very fiilly studied of late years. The dired photolysis 
of gases is only brought about by radiant energy of great 
tension and oscillation-frequency. Thus gases may be directly 
"ionized" by ultra-violet light, by X-rays, and by the -y.rays 
from radio-active bodies. For the technique and methods of 
measurement, reference should be made to treatises on the 
conduction of electricity through gases.' The conductivity is 
' J. J. Tbomioii, CanJutthn i^MltttrUity through Gaiti. 
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attributed to ions or charged carriers which may remain free 
for some time after incidence of the excitation, but the activity 
and conducting power of which, in consequence of a recom- ' 
bination, fall off subsequently according to exponential laws. 
The current does not follow Ohm's law except for a small 
potential-difference of the measuring E.M.F. in the circuit, A 
typical arrangement for determining the phenomena with a 
gas exposed to ionizing radiations is shown in Fig. 43. 

This apparatus ' consists of a brass tube of 5 cms. 
diameter, the anterior end of which is provided with a fluor- 
spar lens to admit the rays, and the posterior end with a plate 



^Two-wajr cock,|iao stum) 




Fig. 43- 

of cut quartz-crystal ^- The light passes through the space 
in a concentrated bundle, passii^ through the transparent 
quaitz-wall without encountering another reflecting mass. The 
fluorspar lens is of course essential with intense ultra-violet 
light, but lenses are dispensed with where the radiation is 
effected by X-rays, etc. The quartz-end could be moved to 
and fro, SO as to alter the thickness of the gas-phase illumined, 
being fastened on a second tube sliding in the first, whilst the 
current of gas radiated could be determined by a gasometer in 
the circuit 

' See Lenaid'i paper. ^, 
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The actual ionization produced in such cases is determined 
by the deflections of an electrometer. 

The negative ions in gases, whatever their nature, rapidly 
condense an atmosphere of vater-vapour, or of other more 
easily condensable gases present. The charges carried by the 
ions produced in air, in oxygen, hydrogen, and caiiion-dioxide 
appear to be the same, and equal to that carried by the H-atom 
in the electrolysis of aqueous solutions. If, howerer, the 
pressure of the gas be greatly diminished, a ra[Hd increase in 

the ratio — of charge to mass is observed. 

It appears probable that these ions are components of the 
photo -ferments already discussed (p. 303), whilst the steady 
state in ozone formation, for example, is identical with the 
installation of a saturation current (mde p. 356). 

The general property of condensing water-vapour may be 
shown with a steam-jet, which can thus act as a general reagent 
for such ions.* 

If the current produced is plotted against the E.M.F. 
between the condenser plates or electrodes, which serves to 
attract the positively and negatively chafed carriers formed, 
the general form of curve obtained is similar to that given in 

Fig. 44. 

The current gradually reaches a steady or saturation vilue 
for given radiation and increasing E.M.F. between the con- 
denser-plates (which may form part of the ionization-chamber, 
or the ionized gas may be passed on to a measuring chamber, 
as shown in Fig. 43). The inversion effect — where the curve 
changes above the saturation level — occurs when the transverse 
measuring E.M.F. is sufficient itself to break down insulation 
and ionize the gas. Its value is directly proportional to the 
pressure of the gas, being for air at 760 mm. about 30,000 
volts 

The greater the volume of gas traversed by the ionizing 
radiation, the greater the absolute value of the saturation 
current, so that for complete absorption, i.e. maximum ioniza- 

■ R. von IIelmhc4i and F. Riduu^ Wkd. Ann., ¥>, 161 (iSgo). 
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tion, the current is greater the greater the distance between 
the electrode- plates of the conductivity- vessel, which is 
analogous to the increase of conductivity obEerved in solutions 
on dilution.' 

Assuming that equal quantities of positive and n^ative 
carriers or ions, q of each are formed per second, each with a 
charge y, then if a current C is passing, the saturation-current 
will be q.y, q being evidently the degree of ionization. The 
recombination will take place at a rate proportionate to the 




>- E.M.F.betwecn platem in volu. 

Fig. +4. 

instantaneous value of ^, say t?, so that for equal proportions 
of positive and negative ions we have 

^ = ? - »«" 
the soluti<Mi of which, giving the value of n in the steady state, 
is, if ^ = iP, and since n = o when t=e 

V-' + o 

We may note that the arrangement is similar in principal 
' Cf. R. Lebfeldl, ElKtrtxhtmulry, this seiiet. 
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and operation to a photo-chemical actinometer, electrical 
instead of chemical mettiods being emplofed to determine the 
changes produced. 

S 136. DEl'ERMrNATION OP THE MOBILITIES OF THE lONS, 

THEIR Coefficients of Diffusion. 

The determination of the diffuaivities of the ions Id C.G.S. 
units is a difficult problem A they are strongly adsorbed to 
the walls of the vessels. The following values obtained for 
dry gases are given to indicate the order of mi^itude. 

Table XXVII. 
U = difliuivity for + ion ; V for neeaCive ; D is the mean value ; and 
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Owing to the greater mobility of the negative ion, 
differences of potential are readily set up in dry gases, which 
easily acquire positive charge. 

§ 127. Nature of the Ions,^ 
The negative ions readily condense water-vapour, which 
diminishes their mobility, so that in moist gases the value of 
V 
T7 approaches unity, and the conditions are approximating to 

those in liquid solutions. As the values for the same gas are 
identical, whether the ionization be produced by ultra-violet 
light, X-rays, or point-discharge, we may assume that chemically 
the ions are the same. 

* Cf. J. J. Thomson, lee. cil., and P. Lenud and C. Ramsauei on 
electiidiy-caciien in f^a»,Sitt. ier. Htidil. Akad. d. H-hs. Abh. (BS), 1910, 
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Lenard and Wolff' showed that gases ionized indirectly by 
light acting on zinc or a fluorescent substance also condense 
water-vapour, as does ultra-violet light filtered through quartz. 
Richarz ' showed that X-rays had the same effect. The ques- 
tion whether " dust-nuclei " are pre-existent in such cases, or 
forced into being by the ionizing rays has been much debated. 
The condensation-nuclei in gases may he compared in some 
respects with the coagula of colloids produced elcctrolytically.' 

§ 138. PHO-ltl-ELECTRIC EFFECTS WITH CONDENSED PHASES. 

Hallwachs, following Herz, found in 1888 that a negatively 
charged surface loses Its charge upon illumination, the adjacent 
gas-phase becoming a unipolar conductor. It is necessary that 
light be absorbed, but on the other hand all such absorptioa of 
light is not accompanied by the photo-electric effect in the 
adjacent gas-phase. Subsequent researches have shown that 
an uncharged surface takes a positive charge when exposed to 
light; the effect, measured as a current in the gas-phase, 
depends very much upon the nature and condition of the surface. 
Thus a surface wetted or coated with a soap-film does not 
react nor discharge in light Although the effect is very general, 
it is most marked and most easily studied with metals, metallic 
sulphides and halides, and organic dye-stuffs. Generally the 
effect diminishes lo intensity as the wave-length of the incident 
radiation is increased, hut may extend into the visible spectrum, 
depending upon the intensity of light and atomic or molecular 
volume of the substance. 

Brightly polished meUls give the strongest effects of this 
kind, the sensitiveness increasing the more electro-positive the 
metal, i.e. with its solution tension, on Nemst's theory. It is 
possible that the effect is often complicated by the presence of 

' (rKrf..4«».,«T, 443 (1899). 

* WUd, Ann., H, 591 (1896). Od condentatioD of nuclei and ioniui- 
tion consequent upon chemical reaclioDs, see A. Utirig, Inaug. Disscrtal, 
Huburg, 1903. 

* On the coagulation of proteini by ultra-violet light, cf. G. Dreyer 
and O. Hansen, C. if., 14B, 234 (1907), [On pre-eilttence or dust-nuclei' 
see Lenard and Ramsaaer, Heid. Akad. sitt. her., V. p. 46.] 
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adsorbed or condensed layers of gases such as oxygen, removal 
of which faciUtates a discharge or emission of rays by the 
metal similar to rays or n^ative corpuscles. Wulff ' has shown 
that the photo-electric effect with platinum could be increased 
tenfold by electiolytically charging the surface with hydrc^en. 
Closely connected with the polarization of the sur&ce by 
oxidizing gases are the phenomenon of passivification and 
photo-electric fatigue. , 

The alkali metals in vacuo are extremely sensitive in tbU 
phenomenon, giving effects for the rays of the visible spectrum. 
The following table shows the colour-sensitiveness of three 
alkali meUls, according to Elster and Geitel. 

Table XXVIII. 
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The numbers indicate the sensitiveness. 

Amongst the more sensitive solids are fluorspar, sulphides 
(not sulphates) of metals, many metalloids and hydroxides in a 
dry state, and dried halides of silver and lead. Solutions and 
solid specimens of most organic dye-stuffs also, and of most 
substances with strong selective absorptions, unite in giving this 
effect.^ Since, however, the phenomenon depends decisively 
upon the gas-phase also present, quantitative data are only of 
value when the nature and condition of this are also accurately 
specified. 

The form of the curve for the current in the ionized gas- 
phase is similar to that for the case of direct ionization, and 
the corpuscular radiation emitted can bring about condensation 
of vapours. 

' ^»«. /»/'■-«. 433 (i8m)- 

* See O. Knoblauch, ZaI. f*yt. CA^m., 19, 527 (1SS9]; and C. C. 
Schmidt, tVitJ. Ann., M, 708 (1S9S). 
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In each photo-electric effect we have then really to consider 
the changes in a triple aspect : {a) change within the gas-phase, 
(b) change in the interfacial layer between gas and solid, (c) 
change within the solid phase. In a large measure, the effect is 
a "skin-effect," the interfadal layer referred to in {b) being the 
actual focal plane of maximum importance, an aspect of the 
problem not unconnected with the universal importance of 
surface-dynamics in chemistry, and further with the occurrence 
of many of the most powerful and energetic therapeutic or 
physiologically important substances in the epidermal layers of 
plants.' 

The results of this skin-deep battlefield must be looked for 
both in the gas-phase and the contiguous solid phase. The 
skin behaves as an electric double layer,* a definite difference 
of potential being maintained across it. The emission of 
negative electricity — or electrons — by the solid does not 
depend only upon this and the light, but also upon the gas- 
phase, so that the precise determination of the electrionic 
emission-function of a given solid is a matter of considerable 
difficulty, since it is measured by the ionization in the gas. 
Varley ' found that the emission was initially less the greater the 
pressure of the gas, for one and the same gas, whilst it was 
greater in hydrogen than in air. I.enard * found further that in 
very high vacua an illuminated surface continues to discharge 
n^ative electrons even when there is a small surface positive 
charge, that is, the tension is capable of overcoming a small 
polarization. In general there appears to occur a kind of induc- 
tion, corresponding in part to the preliminary work of ioniiing 
the gas. 

> For further mearches on the photo-electric effecti in, compaialively 
speaking, anbyilroiit systems, see Slolelow, C. £., 108, 141 (1889}; Eltter 
and Geilel, O^ai. Ber., lot, 703 (1S93) ; Wied. Ann^ 48, 615 (1893) ; 
E. von Schweidler, Phyi. Zdt., 4, 136 (1902) ; Witn. Ber. (3), A., 113, 
iizo (1904); W, M, Varley, Pkil, Tram., 301, 439 (1903). 

' H. TOQ Ilelmholi, WitJ. Ann., 7, 337 (1S79). 

■ ml, Thiru., SOB, 439 (1904). 

< P. Lenard, Ann. Phyj.. %, 149 (1903)- 

D.:|.ucJb, Google 
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§ lag. The Electronic or Corpuscular Theory 
OF THE Effect. 

According to the electron theory, the photo-eleclric effect is 
due to the expubion from the metal, or other reacting surface, 
of unit electric quantities, which ionize the electrically neutral 
molecules of the gas-phase adjacent This theory has proved 
of great value in correlating the phenomena mathematically. 
The simplest condition is when the discharge is effected in a 
very high vacuum, in which case direct comparison of the 
emissivities of different metals is facilitated whilst the influence 
of the wave-length and polarization of the exciting light can 
also be more easily determined. The quantitative interpreta- 
tion of the phenomena can then be attempted, in terms of the 
following variables : — 

N = number of corpuscles emitted per unit area per 

second 
e = charge per corpuscle 

in = mass of corpuscle 

Wo = initial velocity of corpuscle 
When the surface is illuminated in vaau, the movements 
of the particles are determined by the electric and magnetic 
forces of the field, the electric gradient accelerating their motion, 
the magnetic field deviating the lines of movement. The values 
obtained for the ratio e/m under these conditions are com- 
parable with those calculated for cathode and ^rays.' The 
initial velocities vary both with the nature of the surface and 
the wave-length of the exciting rays,* 



g 130. The Influence of Wave-length. 

It was found by E. Ladcnburg' for platinum and copper 
that the initial velocity is directly proportional to the oscillation 
frequency of the incident light, when short ultra-violet light is 

' Cf. J; J. Thomson, CKMJtielim ^/Mltttrititf tkretigh Casts, p. lyt. 

• lUd., p. 268. 

■ Phyt. Chim. CtHlrU., 6, 325 (lyoS). 
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employed. The following table shows the results obtained Tor 
copper. 

Tahlb XXIX. 
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Here X = wave-length 

n = relative frequency 
a =■ galvanometer deflection 
!'o = initial velocity. 

P. Lenard has also shown' that the initial velocity does 
not depend upon the intensity of the light, as ordinarily 
expressed, but rather upon the quality, whereas the number 
of corpuscles emitted depends upon the intensity. There 
appear to intervene here considerations similar to those 
effecting the deviations from the Bunsen-Roscoe reciprocity 
law of photographic practice. 

It has been suggested by J. J. Thomson that the action of 
light in the case of this photo-electric effect is comparable 
with that of a detonator, or that the light-ray serves only as it 
were to release a tri^er, the energy of the ejected electron 
depending purely upon the nature of the atom it was released 
from, that is, the action consists essentially in an acceleration 

' This lesult has been lecentiy contradicted by Hughes. He asserts 
that the eiurgy ii piopof tionsl to the frequency, not the velocitj, ice PM. 
Trant^ A. W>, p. 3i6 // itf, (igia). 
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of a spontaneous atomic disintegration.' Ag^nst this view vi 
to be set the intimate dependence of the initial velocity upon 
the osdllatioD frequency of the light The process does not 
occur with the casuality and incommensurability of cause to 
effect such as obtains on laying a spark to a powder-mine, 
but the emission is syntonized or tuned to the exciting rays. 

Recent experiments by Thomson and others show that 
clean surfaces of the alkali metals in vaato are continually 
emitting electrons even in darkness. But it would probably 
be difficult to prove in this case that ihe field was clear of all 
vibrations which might provoke emission of the corpuscles. 
A distinction has been drawn by Lenard between the " outer" 
and "inner" velocity of the electrons. The latter refers to 
their movement in orbits confined to the solid phase, the 
former to their escape into the gas-phase. A certain 
acceleration of the electrons in the Gurface-layer would be 
quite possible, without the inner velocity becoming great 
enough for complete expulsion. 



S 131, Order of Sensitiveness of the Meials. 

As already stated, this agrees on the whole with that order 
of rank of the metals accordii^ to theii contact-differences of 
potentials, though with some noteworthy anomalies, particularly 
in the cases of Mn, Fe, Cr, Au, Mi, and Ce, all metals which 
exhibit the phenomena of chemical and electric passivication.' 
The same order of rank, within a tittle, is obuined for the 
photo-echnic action of metals, that is, their capacity for fogging 
a photographic plate when left in contact with it. 

' The hypotliesis of atomic disintegratioD in eipUna(!on of this effect 
has also be^ advanced by Sir William Ramiay aod H. Spencer and by 
G. Le Bon \,U&vehUi^ dc la Maliirt). 

• See p. 837. 
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g 132. Photo-electric Fatigue. 

The emissirity of a clean metallic sutface exposed to 
ultra-violet light dimtDished after a certain amount of exposure.' 
This fatigue varies very much with the metal, the light, and 
the gas-phase present Although polarization by superficial 
oxidation, or by au adsorbed layer of oxygen seems a plausible 
explanation, it must be noticed that the fatigue has also been 
obtained for metals exposed in very high vacua. Yet the 
metals exhibiting it most pronouncedly (Au, Ag, Pt, etc.) are 
just the ones likely to contain dissolved, occluded or alloyed 
gases, whilst the liquid alloy of K and Na, and the metal 
Rb, which are much less liable to the btigue, have little 
tendency to dissolve gases. The fatigue may continue to 
increase in the dark after cessation of the exposure. 

Whilst Ramsay and Spencer concluded that the '' tiring " 
or fatigue-curves of the photo-electric effect with zinc showed 
breaks or discontinuities, H. Allen ^ finds that his results are 
well represented by an exponential function of two terms. 
Pocchetlino,* who has invcst^ted the photo-electric effect 
with anthracene, finds a similar fatigue, the surface becoming 
positively charged. This may be concomitant with a 
polymerization to di-anthracene, although it is uncertain 
what catalytic effect traces of gases may exercise. The 
secondary decay of the positive charge follows a similar 
exponential function for that holding foi amalgamated zinc. 

It is desirable to note here that the fatigue may be revived 
by heat, so that the same antagonistic action of radiations of 
different period appears to obtain for this effect alsa* 

Ramsay and Spencer suggest that the phenomena of 
fatigue with elements like zinc, corresponding as they do to 
a virtual ennobling of the metal, point to something of the 

' Cf. Stoletow, C. R., 108(1889). 
' Prac. Ray. Soe., 7I», 490 (1907). 

* jtiti R. Mead. Lmcii Rem. [5], U, 171 (1906). 

* For an clectro-chemical interpretilion of Luihei and Weigett's 
iMoIts with uitliracene in l^ht, tee A. Byk, Ztit. fiyi. Chem., 68, 454 
(1908). 



368 PHOTO-CHEMISTRY 

nature of transmutation of the elements. Certain it is that 
the phenomena are similar in character to the well-known 
induction of a passive state in certain metals, either hrought 
about in electrolysis, or hy treatment with substances of high 
oxidation-potential, such as concentrated nitric add. This 
resemblance is probably actually based on an identity of the 
process obtaining. Although the fatigue, photo-electrically, 
and the chemical passivifi cation of metals, are generally 
ascribed to activated oxygen, it is not impossible that nitrogen 
also plays a part, and that in the following manner. Considered 
electrically as a process essentially transacted in the electrical 
double layer at the surface, one feature of the phenomenon 
corresponds to the charging of a condenser by an electro- 
magnetic field of very high frequency. There will necessarily 
be a concentration of the current contiguous to the surface 
of the metallic conductor, analogous to the well-known 
" throttling " of the current when a wire is traversed by an 
alternating current, which would correspond to the fatigue in 
light. In this polarization, it is qiute possible that chemical 
union of the elements of nitric acid may be effected, as is in 
fact brought about on a larger scale. If the measuring E.M.F. 
is not strong enough to maintain depolarization, the con- 
centrated nitric acid may persist long enough to passify the 
metal. This does not of course explain the latter effect, but 
brings the two into one issue. The facts and theories on the 
passivifi cation — or passifying— of metals by nitric acid, etc, 
or by anodic polarization in electrolytes, have been com- 
prehensively reviewed by Fredenhagen.' As an objection 
to the theory of a superficial oxidation, Fredenhagen points 
out that the passive metal does not behave diSierently as 
regards polarization of light by reflection. But not only does 
this point require more careful experiment, taking the colour- 
range of the light into account as well, hut it may be pointed 
out that a fresh surface of a metal exposed to light is 
necessarily immediately slightly polarized, electro-chemically 
speaking, or solarized, photo-chemically speaking, so that con- 
siderable subtlety would be necessary to devise a crucial test, 
' Ztit. fJiys. CAim., 6, 30 (190S]. 
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since the light used as indicator of the state of the metal surface, 
in respect of its own state of polarization, is itself an effective , 
agent in altering the state of that surface. But no doubt by 
maintaining a constant beam of monochromatic, definitelj 
polarized light, and subjecting a movable metal surfoce to it, 
which could be independently passified and activated, definite 
conclusions could be reached as to the relation of the electro- 
chemical sUte of the surface to the optical properties of the 
reflected beam. It is well known that light undergoes a 
phase-change at the surface of metallic reflectors which is no 
doubt intimately related to the photo-chemical adjustment 
uktng place concomitantly.' In this connection we must liote 
the important fact discovered by Elster and Geitel of the 
influence of the orientation of the beam upon the magnitude 
of the photo-electric effect. Using the liquid alloy of 
potassium and sodium,* these workers found that for plane- 
polarized light the emission is greatest when tbe light is 
polarised at right angles to the plane of incidence, that is, 
when the electric vector of the beam is normal to the surface. 
If a be the angle between the planes of the electric vector 
and the plane of incidence, then the current for non- 
polarized light is given by tbe equation 

C = A cos' o -J- B sin' a 
expressing the actions of both the perpendicular and planar 
components. The emission of a type of secondary cathode 
rays by metals exposed to Rontgen rays has been studied by 
J. Laub,' the phenomenon is evidently closely coimected with 
the ordinary photo-electric effect. He finds {a) that the emis- 
sion is stronger the greater the density of the substance, {b) the 

' Owing to the complication of the process by irradiation and diasipa- 
lioD of energy, and bf diffusion ai Ihe reacting molecules out of the 
immediate xone of change, the eflect is bound to be aflccted by hysteiesis. 
The incidence of a hyiteieib in the phenonKDon of electrolytic activation 
Mid pMtivilication has been studied by Salmon, Ziil. pAjn. Cltfit,, B4, 54 
[1S97), by Cottrel, Hid., U, 395 (1901), and especially by Luther and 
Brislee, ibid., 4B, 216 (igoj)- 

' med. Ann., J, 433 ('894) ; «■ 445 ("897). 

• Ann. PKyt. [4], 96, 713 (1908). 

T.P.C. a B'- 
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number of corpuscles emitted varies with the intensity of the 
Rontgen rays, (i:) the initial velocity of the corpuscles depends 
upon the hardness of the rays, {d) the effect is only slightly 
dependent upon the polish, but is greater for grazing incidence 
of the beam. 

§ 133. Photo-electric Cells and Currents. 

The phenomena now to be described differ principally 
from those just dealt with in the presence of a sensible amount 
of a liquid phase, and, indeed, in the presence of aqueous 
solutions. The variety of photo-galvanic combinations is 
considerable,' and the analysis of the effects, particularly in 
r^ard to the localization of the actual seat of the effect, &t 
from complete. 

We may proTisiooally divide the problem into two parts : 
(i.) the change of conductivity of solid, especially f^oto- 
sensitive salts and metalloids exposed to light ; (ii.) the installa- 
tion of permanent potential-differences and effective electro- 
motive forces by light acting on suitable combinations. 

§ 134. (I.) CoNDDcnviTV Changes, 

The field of this research is nearly coincident with that 
just dealt with, the substances exhibiting a chaise of con- 
ductivity in li^t being very numerous. The case of selenium 
and other such elements has already been considered (p. 234). 
On the corpuscular theory, increased conductivity means 
increase either in the numbers or mobilities of free electrons. 
In the case of binary compounds, the behaviour of the silver 
halides is typical and has been most thoroughly studied, and 
of these silver iodide shows the greatest range of phenomena. 

It was discovered by Anhenius * that silver halides exposed 
to light became much better conductors of electricity, the 
maximum effect bring shown in the same region of the 
spectrum for which the absorption and [^oto-chemical activity 

' See footnote, p. 383. 

• SU^ Ao-. Wiai. Akad^ 1887, p. 97. 
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was greatest, whilst optical sensitizers such as dye-stuffs con- 
ferred a second maximum upon them. He considered that 
the increase of conductivity was due to a dissociation of the 
balide into ions. 

SchoU ' has made a very comprehensive study of the 
behaviour of silver iodide. He found that atmospheric oxygen 
played an important part in the phenomenon, undei^oing a 
photolytically induced transvection through the dissociated 
iodide and simultaneously r^enerating the halide. Hence 
a silver iodide film does not darken much in light in the 
presence of ox^en, but becomes turbid. Iodine vapour can 
play a similar rbU, the] net result being a movement of iodine 
through the layer of balide in the direction of the beam of 
light. ScboU prepared films of solid silver iodide by con- 
tinued anodic polarization of sheet silver in potassium iodide 
saturated with silver iodide. These films were about i to lo^i 
thick, and translucent. They were placed in solutions of 
potassium iodide and exposed to li^t. The difierence of 
potential, due to exposure to light, between the solid phase 
and the solution next to the film was found to be of the order 
1/30 volt With regard to the increase of conducdvity, Scholl 
concludes — 

(a) That new ions are produced, but that the negative 
ion is not the ordinary iodion, I', in electrolysis, its mass, as 
calculated from Nemst's diffusion-theory, being of the order 
of electronic masses. In violet light silver iodide becomes 
metallically conductive, but shows no emission of corpuscles, 
whereas in ultra-violet light there is considerable emission and 
only slight increase of the internal conductivity. 

ib) Whilst originally, as first prepared, only sensitive about 
\ = 430 /iju., the illumination actually sensitises the halide for 
the longer wave-lengths. 

The pboto-iodiOe formed and the correlative sensitiveness 
decays in the dark and on illumination by red light, — it is 
unstable out of the light it is formed in, and reverts to ordinary 
yellow iodide. 

> tVied.Ann.,W, 145(1889). 

D.:|.ucJb, Google 
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S 135. (IL) Photo-electric Potentials and E.M,F.'s. 

The practical study of photo-electric combiaation was first 
made by £. BecquereL' It is obvioui that whatever we ander- 
stand by positive electiificadon, this will be taking place 
in the opposite sense to that of the emissioa of negative 
quandties, that is, in this case, in the interior of the film, and 
if the positive carriers are very active, is equivalent to the 
formation of anode rays of greater or less penetrating power, 
moving in the direction of the incident light Becquerel made 
use of identical plates of silver coated irith halide, and im- 
mersed in dilute H^SO, as electrolyte. On exposing one 
electrode to light, keeping the other in darkness, a measurable 
current could be obtained, so that the combination could be 
used as an actinometer. The use of H^O, complicates the 
system unnecessarily, and makes it liable to secondary polariza- 
tions reducing its reliability. But Becquerel showed that 
while the ordinary halide had only a maximum of reaction in 
the blue-violet, exposure to this made it less sensitive to 
longer wave-lengths on subsequent illumination by these. He 
considered that there was a liberation of halogen efiected 
which conferred an- oxidation-potential on the illuminated 
electrode. Other researches on these cells were made by 
Rtgollet, Hankel, Minchin ' and others, but the most important 
work is due to Luggin, Wilderman, and Goldmann. H. Luggin 
investigated the conditions of formation of photo-electric cells 
both by the deflection method and by a compensation or null 
method. 

Regarding the compensation method. Suppose thu in 
order to keep the potential of an electrode constant in the 
dark it requires a current of potential P, in light a current 
B +A then/ is the measure of the photo-current The sign 
of the current is fixed by convention with respect to a standard 
combination such as the mercury-calomel one. If the potenrial 
of this be taken as zero, a positive current is one charging the 

' La Litmilri, 9, p. 131. 

' Cf. Jahri. d. Sadie-akin/., % 1S6 (1905). 
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blank metaL For moderate intensities of light Li^in found 
that the current was given by 



i.e. V, the light-potential, by the equation 



The following table shows the values observed and calcu- 
lated from this formula with a platinum electrode coated with 
silver bramide. The light-strength was 197 Hefner-meters. 



-H o-a67s I -^ 0-2583 

+ 02313 I -i- 0-1303 

+ 0-15IS : -HOI565 

-I- 0-0406 -I- 0*0481 

- 0-0544 - 0-0447 

-0-1537 I -0-1644 



amps. 

Luggin remarks that both V and b show variations accord- 
ing to the value of the initial polarization V„ and hystereses 
depending upon the history of the electrode, i^. prior illumina- 
tion. Further, with great intensities of light the/, V curves 
are no longer straight, but become convex from the origin, 
cutting the V axis at an acute angle. The value of V for 
this intersection, when p = o, Lt^jjin terms the eguiUbrium- 
potmtittl, and it conesponds, electrically, to a self-polarizalion 
of the reacting system, or, as Luggin points out, to what is 
termed photo- chemically, solarisation. That is, to the adjust- 
ment of a neutral stasis or indifference. As any increase of 
the depolarizing subsidiary current lessens this tendency to 
self-polaiization (in the same manner that chemical sensitizers 
act) the [^enomenon is best studied by following galvanometer 
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deflections, Luggin r^jards it as due to an induced oxidation- 
process, opposite in sense to the photolyas, and tending to 
reduce the spread of this. 

We may note in passing that the equation for the induction 
of the current 

is aDa]<^ous to the Gibbs-Helmholz equation for the E.M-F. 
given by a {thermo)-cben)ical change 

q = h + t|2 

where Q is the potential, H the heat of the reaction, and -^ 

the temperature-coefficient. 

Luggin concluded that " the strength of the current which 
an illuminated electrode such as Ag ] AgCl gives on illumina- 
tion is, taken independent of its direction, a measure Qf the 
work done by the light." 

Goldmann* has extended Lupin's work, using solutions 
of dye-stuffs as the medium. He first tested the statement of 
Nichols and Meritt * that such solutions show an increase of 
conductivity when exposed to light He finds that this is only 
true for the solution immediately adjacent to an electrode 
simultaneously exposed, that is, when a depolarizer is present, 
allowing the formation of a current. He investigated the con- 
ditions of this current, using semi-transparent electrodes of thin 
films of metal deposited on glass. The dye-stuffs employed 
were eosin, uranin, fluorescein, cyanin, and rhodamin, and 
similar results to those of Luggin and Scholl were obtained. 
We have two series of results, according as — 

(it) There is no extrinsic E.M.F. inserted in the circuit, but 
the current is measured by the deflections of an ammeter. 
The potential differences may be determined by a quadrant 
electrometer o^ a Lippman capillary electrometer. 

{b) The electrode potential is controlled by an applied 
E.M.F., which may be arranged to compensate ibQ light-effecL 
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The moie impoitant of Goldmann's results aic as 
follows : — 

The actiutl zone of change is a capillary layer at the 
electrode of about i to to /i thick. 

Using the arrangement described in (a), the strength of 
the current increases with the concentration of the dye- 
solution, as may be seen hata the following numbers : — 

t = current loo 70 55 lo 5 300 
Concentration i \ iiA^AlaS 

The [^oto-current (or photo-lysis) is directly proporuonal to 
the Bupetfidal area exposed, and, within certain limits, to the 
light-strength. It is nearly independent of the outer resistance 
of the circuit This condition points to the limitation of the 
action to a capillary-layer, and militates against the opinion 
sometimes expressed that what is measured is the potential- 
difference between an exposed and the unexposed electrodes, 
^milar curves are obtained for the growth of the current with 
time as were found by Luggin, the current value increasing 
less rapidly with lime, and falling off gradually upon cessation 
of exposure. The results accord with SchoH's deduction that 
negative electrons are expelled into the solution, whilst 
positive carriers move to the metallic electrode, which there- 
fore becomes anodically polarized. The current usually flows 
from the non-exposed to the exposed electrode. 

(a) As with the anhydrous combinations previously con- 
sidered (ordinary photo-electric effects), it is found ih^t the 
maximum charge or potential-difference effected does not 
depend upon the intensity of the light, which affects the average 
current, but does not determine the voltage, which is primarily 
a function of the quality of the light absorbed. 

{b) The passage of positive carriers into the electrode, or 
the anode-ray formation, progresses till a stationary state is 
reached, when the charging by light and the losses by side- 
conduction, etc., counterbalance each others In a closed 
circuit a definite current is installed, but Goldmann states 
that the maximum value of the E.M,F. is not a steady one. 

(/) In agreement with the principle of least action, the 
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exposure develops a counter E.M.F., tending to oppose the 
direct action of the light. 

The actual process of charging may be approximately 
represented as follows. Assuming that the capacity (polariza- 
tion-capacity) of the electrode is a constant and limited 
quantity, the velocity of increase of the potential-difference 
effected Ss a measure of the excess of the rate of chai|pDg over 
loss or dissipation of the charges, by recombination of ions, 
etc. Hence we have 

as follows from the general expression V = ^ where - - is the 

rate of increase of potential, G the capacity of the electrode, q 
the charge effected per unit time, and a. a proportionately con- 
stant, the term aV representing the rate of decay of the charge. 
This expression is identical with that of Lt^gin (p. 373) 

■ dp- 

This, however, only gives (he law for an early period, when 
the rate of change is a simple function of the light-strength. 
To obtain an expression for the process in the neighbourilood 
of the first neutral state, then when the charging is just 
.balanced by loss, the decay-term must be analyzed into factors. 
Itniay be regarded as summed of a loss independent of the 
light (decay in dark), and a loss actually induced by light 
(consequent with the heterogeneity of the light, radiations of 
different quality comity more pronouncedly into working as 
the time of exposure is prolonged), Calling the discharge- 
factor in darkness ;„, the discharge-factor in light ^l, these 
being regarded as independent, we get for the rate of change 
in light 

dt ~ o 

D.:|.ucJb,LjOOglC 
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for the velocity of decay in the dark. If both —^ and -^ 

are plotted against V, straight lines are obtained, inclined to 
the axis V, superposition of which gives the light-effect proper. 
The extrapolated value obtained by prolongation of the curve 
gives the maximum charge effected, which Goldmann terms 
the phetQ-dectrk potential. It is independent of the intensity of 
the light, but dependent upon its quality ; that is, on the 
corpuscular theory, it measures the initial velocity of the 
electrons. The strength of the field near the electrode 
increases to a limit depending upon G, the polarization- 
capacity of the electrode. As the equilibrium consequent 
with polarization approaches, the number of free charges, q, 
released per unit time, diminishes, 

Tke Decay of the Induced Current. 

Goldmann observed that the decay or decline of the photo- 
cunent, when the light was cut aH, did not follow a simple 
exponential function, hut exhibited an actual recoil, the 
potential becoming positive after passing through the zero 
value. The positive charge effected then decays slowly with 
time. Hence there appears a considerable analogy between 
the process and the chaining of a condenser, the discharge of 
which is well known to become oscillatory under certain 
conditions. 



g 136, Thk Photo -cur rent '(jj l'" ''"'' Stationary 
Condition. 

To estimate this, Goldmann plots the amperes measured 
by the galvanometer against the corresponding values of the 
potential-difference determined electrometrically. It is found 
that the magnitude of the steady current is not proportional 
to the light intensity, but relatively more considerable for 
lower intensities than higher. That is to say, the efficiency 
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or transformation-equivalent of light into electric energy 
diminishes in this case for h^h intensities.' 

This decline of the efficiency with high intensities is 
attributed to the anodic polarization already referred to. It 
follows that for actinometiic purposes direct proportionality 
between /au.< >^c measure of the steady current, and light- 
intensity, is most iavoured, and the range of its validity 
widest when the E.M.F. of polarization is a minimum. Hence 
both the external resistance and the polarization should be 
kept small Assuming that R, this external resistance, is 
constant, the value of the cuaent t may be found as follows. 
The charge given to the electrode is 

\{g - i)dt 

which effects an E.M.F. equal to the potential-gradient in the 
circuit, i.{., 

and y = y(i — tf'ioj = ^(i - e't) 

Goldmann found this exponential equation fairly repre- 
sentative, but noted that the actual curves of growth of the 
effect appeared to be compounded of two effects superposed, 
an initial instantaneous action which is rapidly adjusted, followed 
by a slower change, the adjustment of which is expressed by 
the equation just given. Inversely, a similar duality is noted 
in the decay-process. We shall see shortly that a precisely 
similar phenomenon holds for the phosphorescence in alkaline 
earth phosphors. 

' A timilar concluuon is icached u to tbe eltidencies of several 
pholi>^raiicBl reactions. 
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Table XXXf. 
E.M.F. of cell with non-poluiuble elecliodei ; compenMted drcuii 
lesistance ea. 3 x lo* ohms. ; Ft. fUni electcode in rhadamin illuminsted 
bjr projection. Nemst lamp values of »i from »'i = 40 -(■ 170(1 — lo-"'"*) ; 
here (^ = 40 is the " iaiiial expansion " value jntt referred to. The deoy 
valnes of ^ are obtained from the similai eqiutlion — 

if = 45 + "7"6 X lo-"'""' 
/ is in minutes, >' in 4'io~"> ampires. 
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The decay curve in darkness is similarly best represented 
by a sum of two exponential terms of the type i,^U- '~» with 
different time-constants. 

Amngement as is (b) ; Cmtrol^ E.M.F. inserted. — 
Uoldmann found, with Luggin and other observers, that on 
introducing an independent E.M.F. into the circuit, cathodic 
polarization of the photo-electrode increased the photo-current, 
whilst anodic polarization diminished it, acting like Lupin's 
solaiization current This anodic polarization corresponds to 
the " fatigue " noted with photo-electric effects of metals in ' 
gases, and, as in coherers for wireless, mechanical vibrations 
can restore the sensitiveness, or, with sufficient auxiliary cathodic 
polarization, the "fatigue" maybe indefinitely avoided, the cell 
showing behaviour similar to the liquid alloy of K and Na in 
vacm. Consideration of the pboto-chemical changes of such 
dye-stuffs as Goldmann used to sensitize his electrodes show 
that both reduction and decomposition of the dye-stuff to 
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leuco-bodies, as well as oxidation and condensation of these to 
insoluble photo-anhydrides, are equally probable resultants of 
the illumination. The duality of the electric effect is in accord 
with this, and the chemical cause of the anodic polarization (or 
fatigue) is probably the photo-anhydride. As this increases, a 
cunent in the opposite sense to that initiating the change is 
installed, and this converse photo-current will be increased by 
light of range of frequency complementary to that exciting the 
primary change. Thus Luggin found that the solarization- 
cunent with his silver halide combinations was increased by led 
and yellow rays, which are absorbed by the pboto-halide 
produced by blue-violet light, but transmitted by the normal 
halide. This is an aspect of the process we termed chromatropy, 
or colour-adaptation. 

Discussion as to whether the process is in principle a 
pliysical or a chemical change is nugatory, tt would be possible, 
no doubt, to give equally elegant interpretations of the original 
experimental fact in.either language. Goldmann, following J. J. 
Thomson, prefers to consider a perturbation of a kinematic 
system of electrons as primary, and as conditioning the chemical 
changes. 

Another way of considering the basis of the photo-electric 
current is to suppose that the light affects the solution-tension 
of the electrode, which is rather the position taken by E. Baur,' 
who worked with a combination depending upon the photolysis 
of uranium salts, and by M. Wildetman.^ Wilderman uses 
combir^ations such as silver | silver halide | alkaline halide ' 
water | water | alkaline halide | silver halide (or salt) | silver, 
as the chain, obtaining combinations less susceptible to 
polarization. He expresses the law of approach of the current 
to a stationary value by the equation 

'^■-<(,,-.r,)(,,-^. + K) 

where t, is the voltage at equilibrium, t, is the voltage at a 
time /, and K is an " instability-constant," introduced to allow 

' Zeit.piys. CAtm., M, ^a (1907). 
■ Pree. Kay. Sec., 74, 370 (>904). 
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for hytteresis, etc. The decline of the empirical equilibrium is 
represented inversely by 

Whilst the combinations devised by Wildennan are suscep- 
tible of gre&t reliability in action it is questionable whether the 
interpretation he suggests is entirely adequate. Thus he adopts 
U expression of the mobile photo-chemical equilibrium this 
generalization : " Each kind of equilibrium between two states 
of matter (that is, each self-consistent binary system) is, at 
constant volume, on exposure to light, shi^ed in the direction 
accompanied by greater absorption of light." 

But there is immanent in this principle a contradiction to 
Wilderman's rejection of the theory of surface- forces, the 
ascription of the anomalies in behaviour of photo-cells to 
variable thickness of surface (double)-layers, as made by 
Becquerel, Minchin, and others, and supported by Goldmann, 
and, as we have previously demonstrated, supported by the 
mass of allied facts in regard to the anhydrous photo-electric 
combinations, the nature of which only differs essentially from 
those now under consideration in the proportion of water 
present. Wilderman's generalization of the mobile photo- 
chemical equilibrium is only sufficient up to a point. It tacitly 
ignores the inevitable heterogeneity of what is here too compre- 
hensively termed "light." It would be true in the ideal limit 
for the force of self-propagation of a system (or molecule) 
capable of a pulsation between two extreme phases in the field 
of a discrete, homc^eneous, radiation-unit sui genfris, but it 
can be only approximately verified in reality, where light is 
inevitably heterogeneous with itself, and the actualities of selec- 
tive absorption, reflection, and emission give occasion to the 
polarizarions referred to in surface-layers of variable but definite 
thickness ; in other words, to the skin-effects rejected by 
Wilderman. What the latter has succeeded in demonstrating 
is the possibility of reducing these somewhat capricious forces to 
control and of experimentally producing reliable as well as sensi- 
tive photo-galvanic combinations. But his theoretical interpre- 
tation is inadequate, unless supported by the Planck-Einstein 
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postulate of discrete radiation units. Fortified by this deduc- 
tion, Wilderman's generalization of the nature of phot(H:hemica1 
equilibrium leads naturally to the conclusion that the forces of 
surface-tension, of capillarity, and the concomiunt skin-effects 
at the boundary of heterogeneous systems, are determined by 
the antagonisms of radiation -units htierogeneous in period and 
character. The phenomena of electrode polarization in galvanic 
elements, whether these be thermo-electric or photo-electric 
combinations, are essentially surface-phenomena consisting in 
the formation and destruction of membranes of varying 
permeability for the ions, varying transparency for radiations, 
and in regard to the formation of which the solution-tension of 
an electrode (or, inversely, its polarization-capacity) is sympa- 
thetically affected by the radiation field to which it is exposed. 
It follows that the generalization as to "maximum work" 
effected by light in a photo sensitive system deduced by 
Wilderman from his experiments is not conclusive without 
qualification. He expressed it by the proposition that "the 
electromotive force calculated from the photo-electric current 
measures the maximum work which the system can afford in 
light." Such principles are only valuable when definite 
conventions as to the meanings and experimental deteTmina> 
tions of the several terms are adhered to, otherwise they become 
battlefields for ^H'otitless logomachies. Everything will depend 
upon what amplitude of self-closed circuit the E,M.F. is to be 
calculated for, since it is by definition the integral of electric 
force taken over a closed curve. The work of Goldmana ^ows 
that the E.M.F.'s induced by light can be analyzed into im- 
pulsive forces of momentary duration (which Wilderman prefen 
to disr^ard oi compensate inter se) and steady forces of leas 
rapidity but greater period of duration. 



S 137. Photo-electric Czlls as Actinohbtbks. 

Wilderman recommends as very suitable combinations : — 

(a) Ag 1 AgBr . " BrK i AgBr | Agl reacUon 

light ^*' dark / aAgBr-*Ag;Br 
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ip) Cu I CuO I NaOH | CuO | Cul reaction 

light dark / aCuO -^ Cu^O 

of which the latter is in some respects preferable as giving a 
considerable E.M.F. for light of the same intensity orec a 
wide range of wave-lengthi, cupric oxide being blade. The 
temperature-coefficient is small, and the constant steady 
maximum reached after a short induction. For a review of 
combinations experimented with at one time or another, see a 
paper by E. Kochan.' 

< Jakrb. d. Radio-oktivU. ». EUldren, S, 186 (1905). 

[AnDKNDUM. — For ft vftloable paper "On tbe Bec<iiiert!l-ef!cct in 
nraniun sulphate-, quinine nlplwtc-, and chlorophjll loTntiont," see 
K. Schaum «nrf A. .Samsonow, Ztil. vi'tt. PM., XI., 3J (iQla)-] 
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CHAPTER X 

THE GENESIS OF UGHT IN CHEMICAL CHANGE 

§ 138. Photo-chemistry and Euission — Chemi- 
luminescence ' 

The statistical theory of ladiatioa dealt with in Chap. III. 
has only an indirect bearing upon the specific chemical pro- 
cesses in which light originates. The conception of purely 
" thennal " or temperature-radiation is mainly a statistical 
idea, enabling radiation en masse to be dealt with on the 
method of aver^es, but incompetent alone to deal with 
individnal chemical changes giving rise to light. 

S 139. Luminescence and Temperature Radiation. 

On the basis of KirchhofTs law, a distinction is usually 
drawn between temperature-radiation, and luminescence, the 
latter term being applied to cases in which there is reason to 
postulate a direct conversion of chemical or electrical energy 
into light without the intermediate step of adjustment of a 
thermal equilibrium. These independent processes extraneous 
.to the scope of the main generalization of the economics of 
radiation may be provisionally classified as follows : — 

Lyo- luminescence — on solution or separation of solid 

Tribo-luminescence^on. cleavage, fracture, or breaking 
strain of crystals. 

■ II is somewhat i^rettablc that no two terms exist in EnglUh to expmi 
eiactly the contrasi between "Licht-reaciioDeii" and " Leucht-reactionen " 
in Gemun, the Termer term denoting chemical reacliom iDdnced by light- 
rayi ; the Utter, chemical changes initiating concomitantly a. definite 
luminosity, 01 glow, uoaccomponied by perceptible rise of temperature. 
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( Phosphorescence. 

Tbenno-Iuminescence. — This term seems in contradiction 
to what has been said on thermal radiation, but it refers 
to stimulation by heat of phosphorescence. 

Electro- or cathodo-luminescence — provoked by electric 
discharge. 

Radio-luminescence — by radio-activity. 

All these phenomena may be considered as species of 
chemi-luminescence. IncludcNl under this head we may also 
add, last but not least, combustion, whether rapid or slow. 
The luminosity afTorded by decaying organic matter in the 
vital processes of photogenic bacteria, fiingii and many 
noctilucent higher organisms pertain to this title. 

Before dealing specifically and generally with the processes 
obtaining and the conditions contingent to the production of 
light in chemi-luminescence, it will be well to note the dis- 
tinction accepted between fluorescence and phosphorescence. 
By the former is understood a re-emisiton of light by an 
illuminated medium during the excitation, apsidally to the 
principal axis of the incident beam, and ceasing with the 
exdtation. It was termed by Brewster " epi-polic " dispersion, 
having indeed some resemblance to the scattering of light by 
turbid media, with which phenomenon it is indeed continuous, 
the two merging imperceptibly for a certain value in the 
"grade" or degree of dispersion of a colloid solution. That 
will be the more comprehensible on reflection upon the active 
part played by light both in condensing nuclei and in dis- 
integrating molecules. Phosphorescence, on the other hand,- 
or true photo -phosphorescence, to distinguish it from this iiind 
of emission of light when the exciting cause is different, is 
distinguished from fluorescence by the emission proceeding 
subsequently to the excitation. There is an interval, as it 
were, of storage of light, instead of the simultaneous storage 
and emission during excitation effected in fluorescence, and 
the property is practically restricted to anhydrous bodies. 
Considered in their totality, the characteristic feature of all 
these phenomena is a mobile displacement of virtual or 
T.p.c, a c ■"' 
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self-compensatii^ changes of a periodic nature into real irre- 
veisible ones. The impottance of periodicity of intra-mole- 
cular oxidation in these phenomena has been frequently 
insisted on by H. Armstrong.' We will consider u a typical 
example of a fairly simple series of chemical changes con- 
comitant with prodoction of light, the case of the oxidation of 
phosphorus. 

§ 140. Periodic Phenombna in the Oxidation of 
Phosphorus. 

It was early observed that although white phosphorus 
combines spontaneously with free oxygen, with a luminous 
glow, yet increase of the partial pressure of oxygen beyond 
a certain value, instead of favouring the luminous trace of com- 
bustion as at first, actually extinguishes it. If, however, the 
mixture in this first stage of indifference be left some time 
in a closed vessel, the luminescence is again revived inter- 
inittently. The reaction has been studied by several observers, 
Joubert,° who first noted the periodicity, van 't Hoff and 
Jorissen,' Ewan* and Rassell,* but perhaps the completest 
investigation is due to E. ScharfF.' The principle conclusions 
are — 

(a) There is a maximum (or rather, optimum) oxidation 
pressure of oxygen, beyond which the reaction is inhibited. 
This value differs according to the dryness of the gas. 

{b) There is further an optimum pressure of oxygen ibr 
luminescence, or luminescence-pressure, which does not 
coincide with the aforementioned oxidation -pressure, being 
usually slighdy greater. This may be due to the luminescence 
resulting from a breakdown of a higher, less stable oxidation 
stage, to a lower one. 

' Cf. /y«-. Kiy. Sec., 70, 94 (1901)- 
' Tiiie sur la Phfipkaracenec du Pketphort, Paris, 1874. 
. • Zdt.pkys. Cktm., 14, 4I1 (1895). 
' Ihid., 16, 31s [i89St. 
• Jeurn. Ciem, Sac., aS, 1363 (1903). 
' ZiU.phyi. ChtM., m, 179 (190S). 

Clooglc 
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(c) In this condition, the state of oxidation reached is not 
stable in daAness, but exhibits after-oscillalions and recurrent 
luminescences. 

(d) These may be at once induced by lowering the oxygen 
pressure from that required to thus polarize the change. Upon 
this withdrawal of oxygen, the system again luminesces, 
periodically, but with diminishing momentary intensity each 
time, till the periods of brilliancy occur at closer and closer 
intervab finally giving a continuous glow of steadily diminish- 
ing intensity. 

It appears likely that in this progressive oxidation process 
a series of oxides 

P,0 PiOa P,0, P.O, . . . P.0,0 

are formed, each conditioning a superficial or rather interfacial 
equilibrium, a membrane which breaks down with emission of 
radiation, water probably playing a definite part in the 
structures effected. A somewhat similar case of " periodic 
contact catalysis " was investigated by Bredig and Antropoff. 
This is the decomposition of hydrc^en-peroxide by a mercury 
surface, when an oxide-skin of gathering tension is formed 
which intermittently decomposes or mechanically disinte- 
grates, exposing a fresh virgin surface to the attack of the 
peroxide. The stoppage of the oxidation of phosphorus in 
oxygen dried with P^O, suggests that a simultaneous oxidation 
of water to peroxide is involved in the reaction of phosphorus. 
{e) From SchaiSTs observations it appears that the visible 
greenish luminescence starts definitely for an oxidation stage 
corresponding to P,0„ to the formation of which are ascribed 
the luminous clouds over oxidizing phosphorus. We can 
figure this as a species of qua si -homogeneous gauze, tending to 
form a manifold of closed surfaces or planes in which each 
phosphorus atom is at any \ period at the centre of a 
triangle of three oxygen atoms. The ensemble of phosphorus 
atoms would then form a moving continuum internal to 
the oxygen phase, and such that, whilst the oxygen is 
loosely connected up throughout by its residual (or homo- 
chemical) affinity, each phos^^orus atom has at any moment 
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(quarter period) equal chance of contact with three oxygen 
atoms. The whole ensemble of light-centres forms the initial 
flame of phosphorus, and yields the pentoxide for a certain 
critical value of the pressure-gradient of oxygeo. But the 
process is found to be catalyzed by hydrogen, or substances 
capable of yielding hydrogen, a certain proportion of this 
accelerating the adjustment of the equilibrium in the solid 
frame, from both sides of the reaction. 

(/) By varying. the pressure conditions of the oxidizing 
atmosphere in a tube containing phosphorus, many of the 
stratification phenomena obtained in the electric discharge 
through gases can be imitated. 

ix) Influence of temperature. — The polarization pressure 
at which the luminescence is stopped is higher the higher the 
temperature. The following table exhibits the correlation 
between temperature, the critical luminescence pressure, /[.i 
and the polarization pressure, /„ respectively :— 



Table XXKII. 
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The curve is one of double flexure. 

The sulphide, PA. shows the same [riienomena, the value 
of /„ at 69" being 367 mm. The phenomena are similar with 
phosphorus itself, but divergencies ^cur owing to ozone 
formation, which displaces the oxygen pressure maximum. 
The luminescence pressure is here a linear function of the 
temperature, in the form 
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A = A + aT 

A'A + Tjf. 

the analogy of which to the law for the photo-electric effect 
in the initial period will be evident (p. 374). For the tem- 
perature coefficient, Scharff found in good agreement with 
Joubert, ihe values = 337 and aj'i. As catalysts, cerUin 
volatile organic bodies were found effective, such ss alcohols, 
ethers, and terpentine. 

§ 141. Radiation and Nature op Flames. 

This example of the [^otogenic autoxidation of an element, 
a typical metalloid, is of considerable value in suggesting con- 
ceptions likely to assist in the explanation of the nature of 
flames and other powerful sources of light and radiant energy. 
The somewhat vague notion that the emission of light from 
such sources was due to a conversion of heat, conceived as 
the vii viva of the molecules, into light, was early queried by 
Hoppe-Seyler, who considered that there was rather a direct 
conversion of chemical affinity into light, 'Ibis view was 
adopted and developed in more detail by Pringsheim.' He 
considers that the emission spectra given by the salts of alkali 
metals, and other metals in the Bunsen flame are not to be 
attributed to glowing metal particles, but to the potential- 
gradient of the act of reduction of oxides of the meUls. 
C- Fredenhagen '' also considers that selective line-emission 
spectra are not due to isothermal temperature radiation, but 
essentially to valency changes. He postulates that where 
there is no temperature gradient, but systems in equilibrium, 
we get the condition for continuous spectra, but where there 
are specific and individual disturbances of chemical equili- 
brium, discontinuous emission spectra. Contrary to Pring- 
sheim, however, he considers ibat the emission spectra in 
flames of alkaline salts are due rather to an act of oxidation 

' At7' Ann., 14T, tol (1873). A comprehciuive review of the pro- 
blcm is siven in II. Kaysei'i Handiuth d. Spdtlrei., Bd. i (1900). 
'W««. /»>«., [4l«0. 133(1906). 
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than one of reduction, a thesis which he supports by the in- 
hibition of line-emission in such sources by the introduction 
of chlorine. His conclusions were criticiited by Paschen and 
others.* F. Auerbach,' from an elaborate spectroscopic investi- 
gation of the Bunsen-flame spectra, draws the following con- 
clusions. The chlorides of Mn, Fe, Ni, and Co volatilize in the 
flame and become partially dissociated. It is then difficult to 
decide whether the line -spectra are due to electro-static actions 
between the metal atoms, enhancement of their residual affini- 
ties (a view somewhat similar to that expressed by Lenard ="), 
and so are inter-atomic in origin, or whether they are " mole- 
cular," that is, resultant from the combination of the positive 
and negative elements. In a coal-gas flame fed with an air- 
blast, stable anhydrous oxides of the metals are formed which 
glow and give rise to continuous spectra. But if pure ox]^en 
is used in place of air, the oxides are volatile and give line- 
spectra similar to those of the chlorides but not so rich in 
lines, which may be attributed to the greater expenditure of 
energy necessary to volatilize and dissociate the oxides, ^e 
shall return to the consideration of the nature of the processes 
obtaining in flames immediately, meanwhile we may notice 
some results obtained by M. La Rosa ' on the relation of arc 
to spark spectra. In these experiments the energy exciting 
the radiation of the metals, etc., is supplied electrically instead 
of from the combustion of hydrocarbons as in the Bunsen flame. 
From an investigation of the singing arc. La Rosa concludes 
that the nature of the spectra given by an excited gas or 
vapour does not depend upon the mode of excitation, but on 
the mean energy-flux consumed per unit mass of the system. 
Thus arc and spark spectra are mutually convertible by 
variation of the wattage.' 

' Cf. M. Reinganum, Fhys. Zai., $, 1S2 (1907). 

* fVud. Ann., «6, 418 (189^). 

' Zcit. loiti. Pkot., 7, 64 (1909). 

* Ann. Phy!.,\^\^, »1^ (1909). 

* On this point an imporltini paper by Lenard should be studied {Ann. 
ti. Phyi., [4] II, 636 (1903)). He coDsiders that the nrc consists of sbeets, 
ot which each gives b single spectral series of the given metal. 
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Speculation iis to the identity of the emission- centres in 
these sources has ranged from neutral moleculei and atoms to 
free electrolytic ions, the investigation of the electric con- 
ductivity of flames and the influence of salts upon it offering 
an alternative method to the spectroscopic one. Arrbenius ' 
sui^>osed that when a Bunsen flame is rendered conducting by 
metal salts, ions similar to those in solutions are formed. It 
is natural that a quantitative investigation of the nature of the 
conductivity, its dependence upon the actual amount of metal 
salt added, and the kind, magnitude, and mobility of the ions 
or carriers of the current should be a matter of great experi- 
mental difficulty, the overcoming of which in more recent 
times marl(s a great stride forward in the knowledge of the 
[^ysics of media. 

l^e extensive technique of tiie culture and control of 
flAmes in detail lies outside the purview of this work. But 
the word " culture " is used deliberately to signify that this 
technique of the study of flames must be necessarily of the 
same order as that of bacteriolc^ical and enzyme chemistry. 
Flames are not simple chemical species, but physico-chemical 
entities 'of almost biological standing in the characteristic 
indetermination of their nature. That is to say, they are very 
sensitive mobile equilibria of continuously interacting chemical 
species, in which tbe act of meUthesis * is not subordinate to 
attainment of a static equilibrium, is not monotropic (in 
essence, exception being made of extrinsic factors which 
condition practical boundaries or limitations), but is the 
central and permanent self-reversii% condition of their exu- 
tence. Physically considered, flames are analogous, as 
singularly constituted transition or intermediate stationary 
motions of matter between two different states, apparently 
heterogeneous with each other, but really continuous in tbe 
duration of tbe critical intermediate medium, to " gels," which 

' «w. .<««.. IS, 545 (i88r). 

' Nleaoing a doable decumpoMtiou or Irampmilion of the lype AB -|- 
CO = AC -(- BD. For actoal adterptian or o/ZriuVMH *(age$ prelinioary lu 
cfaemical metaihesU, (he symbol AB : CD u> fin( reaulUat of AB \ Cl> 
ii Higgested. 
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present intermediate, variably permanent transitions of matter 
between the solid and liquid end-states, and " vapours," which 
present similar permanent becomings or transitions between 
the liquid and gaseous end-states of matter. In flames, the 
enduring transition of dominant photo-chemical interest is 
that representable by the scheme — 

gas T^ eiectrion or radiant state. 

And so well does the ensemble counterfeit immobility that 
we are likely to misapprehend the fact that the mobility 
of the transition schematized, is the essence of the fact. If 
we term the pulsation, the to-and-fro movement of an element 
of matter between two alternative, dynamically incompatible 
phases (such as gaseous sUte ^ liquid state), a " pbysis " or 
growing, we have in "gels," "vapours," and "flames" 
virtually finite groups of such physes which may be termed 
"symphyses," expressing the fact of a multiplicity of such 
items growing together syntonically. And as we speak of the 
maturation of a gel, the saturation of a vapour, so we might 
speak of the naturation of flames. 

It is essential to keep in mind the duplicity of the move- 
ments in question. The transition is not simply that of matter 
passing from gas to liquid (for example, taking a vapour), but 
of matter passing to and fro between these extremes without, 
so long as the virtuality of the medium is maintained, per- 
manently remaining in either. For the maintenance of these 
intennediary processes, it is necessary that the antagonism of 
the potentials of the system in the two senses indicated should 
not fall outside two limits, superior and inferior. As the 
quantitative measure of the antagonism in question may be 
equally termed the measure of the equilibrium of balance of 
the opposite forces, it is practicably measurable as a temptra- 
ture. The nature of heat-radiation equilibrium, ' and the 
measurement of the thermal quantities has already been 
touched upon. The practical and experimental side of the 
preparation of flames consists in (n) adjustment of food 
of the reacting materials brought to admixture in a fine 
state of division or dispersion, {b) arrangement for ignition, 
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{c) arrangement for controlling the withdrawal of the products 
of the process. 

It has already been stated in the section on the autoxida- 
tion of phosphorus that the luminous cloud or initial Same 
of this reaction consisted of phosj^onis and oxygen in the 
definite proportions P,0,. And we may anticipate that in all 
such zones of uniform radiation-quality {vide p. 99) the com- 
ponents will be present in definite proportions, but forming 
liylotropic phases of matter only stable between two temperature 
limits. 

In agreement with this principle of definite composition of 
characteristic zones of flames (so that a flame, like a musical 
tone, can be either multiple or simple) we may cite the 
experiments of Falk ' on the critical ignition temperature of 
oxygen and hydrogen. In the table are shown the ignition 
temperatures of given mixtures of the gases. 

Tablb XXXIII. 







H, + 4O, 


878^ C. 
813" C. 

8«'C. 



It is evident that a temperature minimum exists for the 
composition H : O or H, : 0^, and this, corresponding con- 
versely to maximum entropy for an invariant heat-energy 
volume (the radiation or action-unit of Planck- Einstein's 
theory) accords with the conception of hydrogen peroxide as 
the initial flame-zone of these elements, water and oxygen 
being by-products of an isolated encounter, such as " — 
HA + H,0,->- HA : H,0.:5 »H,0 -f- aO, 
to accomplish this isolation being the function of catalysts 

'.<««. ^:*j'.., [4] «■ 450(1907)- 

' The scheme H,0, : H,0, denotei the preliminary adsoTption.step. 
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acceleratiDg the decomposition of hydrogen peroxide. In the 
case of carbon monoxide, the ignition tempeniture niimmum 
was that correlative to the reaction 

that is, the formation of the anion of oxalic acid, but the 
existence of formaldehyde HCHO at the edge of this flame 
is veiy probable. It should be noticed that these results were 
for adiabatic constant volume conditions, in which the flame is 
enclosed in a solid receptacle, and that under such a condition 
excess of either component raises the ignition temperature and 
impedes the reaction. 

§ 141. Figure and Form of Flames. 

The figure, form, and extension enforced upon a flame will 
in practice depend upon the use it is required for, and 
particularly whether it is desired to use or study it as a heat- 
source or as a light-source. 

As the majority of flames consist of combustible substances 
brought to the gaseous condition and burnt in air, the figure of 
the flame is largely conditioned by the channel and orifice by 
which it is fed to the air. The simplest case is when the gax 
streEuns under uniform pressure through a narrow-bore tube 
into the atmosphere, when the flame presents a more or less 
elongated double cone or cylinder, tapering someirtiat at top 
and bottom, and somewhat the same conditions, dynamically 
speaking, obtain as regards its stability as for a liquid jet.' 
In the case of the jet, the stability is a function both of the 
kinetic energy of the stream and of the surface tension of the 
liquid, whilst in a flame it is the interfadal tension between 
the substance in the gaseous and the radiant or electrionic 
state which takes the place of surface-tension in the liquid 
analogue. The linear dimensions of a flame are dependent 
upon a balance between the pressure of outflow of one com- 
ponent or mixture, and the external pressure of the atmosphere. 

' Cf. any text-book of physics, t.g, Poyaliag and Tbouwon, Prvpertia 
tf Mailer, p. 151 ; ud Rayleisfa, "On the Slabiliiy ui luEtabilily of 
ccrlttin Fluid Molions," Sei. Paftri, V, i. 474. 



■ .Cooj^lc 
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Suppose the latter to be constant, and not considering for 
the moment the specific chemical nature of the components, 
there will be a certain maximum outflow-preBSure, and a 
certain maximum velocity of outflow beyond which the flame 
will tend to detach itself, this pressure being probably co- 
incident with the so-called fugitive or transient pressures in 
explosions ' and travelling either in the ex plosion- wave itself 
or in the compression-wave preceding it. Calling the maximum 
efflux-velocity C, and / the maximum efliux pressure, then 

C = k^. Mache,' working with coal-gas and air, has deter- 
mined Jhe value of C for different percentage compositions : — 
Tablb XXXIV. 
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In this table, c gives the nonnal explosion-wave velocity by 
the method of Michelson and Gouy,' whilst C is the maximum 
explosion-velocity, which Mache considers to determine the 
limit of stationary existence of the flame. Aa regards the 
localization of the currents in the flame, which tend to form 
a series of shells or equipotential surfaces, Mache found that 
on introducing carbon-dust into the gas-stream of a Bunsen 
flame the glowing particles follow paths parallel to the outer 
contours of the flame, forming an angle with the inner nearly 
true cone, which he registered photographically. 

' Cf. J. W. Mellor, C/umital Slatiti anil Dynaniit, this seriet, p. 483. 

' saw. Ur. i. Atad. fViis. fVitn^ t(M (Ila.), 1081 (1907). 

' Fu[ details as to the delcimination of explosioD velocitiei, tee Mellor, 

IlK. CU. 
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S 143. Ionization in Flames. 
Another method of invest^ating the structure of the flame 
consists in the introduction of metallic salts and measuring 
the mobility of the ions under a known potential gradient. 
The first quantitative datum of importance as to this con- 
duc6vity was obtained by Arrbenius.* He found that the 
ccmductivity was proportional to J m, where m is the amount 
of metal salt insened. Deviations from this obtain, however, 
for large quantities of salt, high values of m, the original 
parabolic rate of increase of conductivity yielding to a slow 
linear rate.' The principal researches subsequent to that of 
Arrhenius upon this problent are due to Smithelis, Dawson, 
and H. A. Wilson,* and to P. Lenard * and his fellow-workers. 
Details of the methods of measuring the conductivity, and 
formula: for computing the masses and mobilities of the 
carriers, positive and negative, will be found in papers by 
Lenard and E. N. da C. Andrade.' Lenard and Andrade 
conclude that the conductivity of flames containing salts of the 
metals is due — considering only electrodeless flames — in the 
lirst instance to collisions between metal atoms, which then set 
free electrons by the working of proximity (" Nahewirkung "). 
This action is assumed lo occur similarly in solid metals, so 
that whenever two metal atoms come sufficiently close 
together they liberate one or more electrons, becoming 
positively charged in consequence. The emission of light is 
ascribed by Lenard principally to the collision of the metal 
atoms with molecules of the flame-gases, rather than to the 
return of the liberated electrons to the metal atoms. But it 
is feasible, it is argued, that this interaction of th« metal atoms 
with the gas-molecules is also depeiKlent upon a temporary 
liberation and recoil of electrons. 

■ fftVo.Ar., July (1890). 

■ Smilhells, Dawson, and H. A. WiUon, Phil. Tram., A. IM, 89 
{1900). 

* PkU. Tram., A. IM, 89 (1900). 

* On the conductivity and light -emission uf flames cootaioiDg metak, 
SiU. Ur.Hiid. Aka^. IViii., Abh. 34, i (1911). 

* Phil. Mag., June, p. 865 (1913), and Aid., Jolj, 1913, p. 15. 



GENESIS OF LIGHT IN CHEMICAL CHANGE 397 

Whatever be the explanation of the actual emission, an 
important discovery, due to Lenard and confirmed by 
Andrade, is that the carriers are continually alternating the 
chai^;ed or electriontc condition with a neutral condition. 
Andrade has shown, not only that the positive carriers in such 
loaded fiames are metallic in nature, and probably metal 
atoms, but that they have two definitely diflFerent velocities of 
migration in an electric field, according to whether present in 
a luminous streak of metallic vapour or in the rest of the 
flame. In both cases they alternate between the positively 
charged and the neutral state, in the former case being charged 
for only ^Jj of the time, in the latter \. There exist, beside 
the free electrons, negative carriers of greater magnitude, in 
relatively small numbers, which are metallic in their nature, a 
condition of things analogous to that of canal rays. When it 
is remembered that not only the elements of the anion of the 
salt are probably present in the flame, but also carbon, oxygen, 
nitrogen, and a variety of more or less loosely combined residues 
of these, it is evident that several possible factors liable to 
affect discontinuously the migration of carriers exist in the flame. 

Lenard's theories as to the nature of the processes con- 
cerned in the emission of discontinuous series-spectra by the 
metals will be referred to again under phosphorescence. The 
spectroscopically distinguishable zones in a hydrocarbon- 
oxygen Same (Bunsen flame) have been investigated by 
C. de Watteville and others, and are easily observed with the 
naked eye in an ordinary laboratory burner." They consist in 
an inmost bluish zone where unbumt hydrocarbon is yet in 
excess, an intermediate zone, which is, so to say, the pure 
flame wherein oxidizing and reducing activities counterbalance, 
and an outer virtually colourless shell, which contains excess 
of oxygen, and that indeed in some part in a very "active " 
condition. It is this part of the flame which is most easily 
coloured by metallic salts, and the -possibility of oxygen 
playing a considerable part in the processes there is not to be 
denied weight. 

' Cr. G. Utbain, IntrodMclieu i la Sfitttntkimu (PwU, llennann el 
GIb, 1912). The inner cone is actually a stationary explMion-wavc. 
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§ 144. Phosphorescence. 

Historically considered, many varieties of luminescence 
and more or less faint and fugitive light-production have 
been included at one time or another under the tenn 
" phosphorescence." One will call to mind the luminosity 
produced by certain marine infusoria, by photogenic bacteria 
and fungi, and, considering the continuity and concomitance 
of the decay and decomposition of one set of organisms in 
Nature's cycle with the growth and increase of others, what 
probably therefore refers to the same facts as these just 
mentioned, namely, the decay in putrefaction of organic 
matter. But such phenomena of slow combustion in organic 
media may well be distinguished from the phenomena of 
inorganic phosphorescence which we shall specially apply to 
the emission of light by certain inorganic systems subsequent 
to excitation by light. The more important of these bodies 
contain no water, which furnishes another distinguishing feature 
from the organic processes, where the material is strongly 
hydrated. 

Although light is perhaps the most interesting agent of 
exciution, phosphorescence in suitable material may he 
excited in a variety of ways. Thus we may have — 

(rt) Phosphorescence due to visible light. 

(b) „ „ ultra-violet rays. 

{1:) „ „ cathode rays. 

{d) „ „ Kontgen rays. 

(«) „ „ mechanical shock and heat, 

though these, as distinct from ordinary thermal emis- 
sion of tight, actually consist in a revival of photo- 
phosphorescence. 

S 145. DiSCRIMlNATIOM AND StUDY OF PHOSPHORESCENCE, 

The principal difference between fluorescence, if a rigorous 
distinction be insisted upon, consists in the duration and 
actual persistence of an effect. Phosphorescence is usually 
applied to an after-glow subsequent to excitation, though iu 
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duration may be very brief, phosphoTescence of ^^ second 
having been observed. Whereas in fluorescence there is a 
transformation and redistribution of radiation about a new 
optical centre of gravity which ia concomitant with the actual 
excitation. The study of phosphorescence was first raised 
to a quantitative level by E. Becqucrel,' who not only 
investigated the preparation of phosphors but designed 
several phosphoroscopes to deal with emissions of short 
duration. The principle these are based on is simple. Two 
rigid discs are mounted on a common axis, at a certain 
distance apart In each disc, four angular apertures, of 32° 30', 
are cut, the four apertures forming a cross. The two discs 
are so arranged that the apertures do not face each other, but 
the interspaces of the one shield the open spaces of the other. 
Owing to the great velocity of light, it would evidendy require 
an enormous velocity of rotation, some a'lo'" revs, per sec., 
to let an impinging ray pass through. The phosphor is 
placed between the two, is illuminated from one side, and 
viewed by its own luminosity. It can then be exposed to a 
series of intermittent illumiaations of period determined by 
the rate of revolution of the discs, and examined under 
condidons symmetrical with those under which it is exposed. 
Becquerel terms the mean time interval that between the 
instant when insolation ceases to the instant when the observer 
perceives the body in the midst of the aperture. The arrange- 
ment just described is suitable for observing the phosphorescent 
l^t transmitted by a very thin layer, but the apparatus can 
readily be adapted to work by reflection. 

Instead of the unarmed eye, a spectrometer, spectrograph, 
or photometer may be used for the examination. By means 
of this instrument the number of substances recognized as 
phosphorescent has been greatly extended, although many 
of them only phosphoresce for a very brief period after exposure. 

Wiedenian* improved upon Becquerel's instrument and 
made the calculation of the time-intervals more correct. 

' La Ztimitre, I., 348 // itf. 

' ITud. Ann., H 446 <t8S8). CI. Sir W. Crodies, A-<w. Rcy. Sec., 
W 111(1887)- 
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When cathode rays, or the spark discharge, are used to excite 
phosphorescence, simpler means of regulating the exposure 
may be employed.' Lenard made the arm of a Foucault 
contact-hreaker, used with an induction-coil, act as an 
intermittent shutter to a spark-gap which was the source 
employed. 

S 146. Chemical and Physical Nature of 
Phosphorescent Svsteus. 

Although so frequent, when properly sought after, as to 
deserve the title of a general property of matter, we shall 
restrict our attention to certain preparations in which the 
property is peculiarly developed and very intense in operation, 
and which are therefore calculated to exhibit the fundamental 
conditions essential to its manifestation. These preparations 
have in consequence been emphatically entitled " phosphors," ' 
Phosphorescence is predominantly a phenomenon of matter 
in the solid state and indeed of systems produced under 
great adiabatic compression. 

Phosphors are artificially produced by roasting with charcoal 
sulphates of the alkaline earth and allied elements.' 

Methods of preparation are described by £. Becqueiel,* 
by Lenard and Klatt,' and by P. Waeniig.' The roastmg of 
the sulphate with carbon effects a partial reduction to sul[^ide. 
But it was first clearly shown by Lenard that pure sulphides of 
the alkaline earths do not phosphoresce ; for this to come into 
full play, it ia essential that traces of metals such as Cu, K, Mn, 
Pb, Ag, Zn, Ni, Sb, should be present in a very finely divided 
state, or in solid solution. Waentig considers that under 

■ p. LeniiTd, IVied. Ann., 48, 637 (1893) ; C. de Walterille, C. X., 
lU. 1078 (1906). 

' The elemeot phosphorus was at liist coasiil«red to be a pecnliarly 
Btfong phosphor. 

■ On naturally occurring phosphon or luminous stones, tee II. KaytCTj 
HandbtKh d. Spalraicop., Bd. i. 

• C. R., IM, 468, 6>9. 

' Ztit. fhys. Cktm., 81. 435 (1905). 

D:,-:c.Jt,L.OOglC 
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I ordinary conditions, at temperatures and pressures that is 
to say much below those at which the phosphor is engendered, 
the systems are supersaturated with regard to the metal, and 
ID a meta-stable condition. The quantities of free metal 
necessary to confer a vivid phosphorescence may be extra- 
ordinarily minute ; only 0*000005 gram of Cu is necessary 
for the evolution of the copper bands in a barium sulphide 
phosphor, which is considerably more sensitive than the 
majority of analytic tests for copper. 
^ As was pointed out by previous experimenters, and 

^ confirmed by Lenard and Waentig, there are three com- 
/ ponents essential to a powerfijlly reacting phosphor. These 
are {a) the alkaline earth sulphide, {b) minute traces of certain 
' active metals, {c) a. flux or fusible addition, usually a salt such 
' as LiiPOa Na^O,, Na^F.^ etc. This last helps the dis- 
solution of the metal to a homogeneous distribution in the 
mass on hision, and assists in retaining it on cooling when 
the system is in a quasi- vitreous condition. The result is to 
form a system of minute electrodes or centres of varying 
tension embedded in a material of high dielectric capacity.' 

The unique importance of small traces of those metals 
which show more than one valency-stage and are usually 
associated with the development of colour in inorganic 
media and in solutions of their salts and compounds, was 
first clearly indicated by L. de Boisbaudran " and Vemeuil.' 
That the conditions of phosphorescence are very complex 
and indeterminate will be evident from L. de Boisbaudran's 
conclusions. 

(i.) The same solvent, e^. earth sulphide, may be function- 
ally active for one and not for another nearly related element, 
(ii.) Strongly coloured substances are unsuitable as 
solvents. 

(iiL) The same substance may be a passive substratum in 
one case, an active inductor in another. 

* Cf. P. Leaard and V. Klatt, Ann. d. Phys., 18, 315 (I904), and 
B. Wioawer, Inatig. Disiert. (Heidelberg, 1909). 
' C. R., 106, 345 (1887). 
' Ibid., IM, 501 <IS87). 
T.P.C. 3 D 
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(iv.) Two active substances when compounded in the 
same aystem may inhibit each other's •activity without 
apparently midergoing chemical combination. 

But for all the complexity of the problem it has been 
increasingly brought into the domain of quantitative control 
and determination, an advance due in a Uige degree to the 
work of Lenard and his colleagues.' In this the spectroscopic 
and spectrophotometric investigation of the luminescence, as 
well as the determination of the time-rates of its growth on 
excitation and decay after, have given the necessary numerical 
reduction of the problem in a great many cases. 



§ 147. Spectroscopic Nature of the Phosphorescence. 

In general, the light is found to consist of well-marked 
bands, of greater or lesser intensity and degree of dispersion 
(for the same registering system, of course) according to the 
energy of the excitation. That phosphors give a light peculiar 
to their constitution and independent of the nature of the 
exciting light was shown by Dufay and Wilson in the 
eighteenth century. But it is important to notice that bands 
which may be allocated to a certain metal in a phosphor are 
subject to modification according to the nature of the anions 
present. Thus BecqucreP found marked difference in the 
banded spectra given by uranium salts according to the acid 
radicle present. Certain naturally phosphorescent bodies, 
(fluorspar and chlorophane) show the spectra of many rare 
earth elements if these are mixed with them.' 

Lenard and Klatt'have made extensive investigations of 
the spectra given by the artiScial phosphors of the alkaline 

' Wi^. .<«»,. M, 90(1889); .4««./'V.,t4l.»."5,44S.633('904); 
[4)M(I909), p, 476; [4181,641 (1910). 

■ La Lumiire, lee. cil. 

• CI. G. Uibain, C. S., 14S, S15 (1906), and Inlrsditelien a F^trnd* 
<UlaSpMra(ltiinU{^txta3aD^\i,\s, Park, 191 1). Further, E. C. C. Boly, 
Spectroseopf, Ihis series, and W. J. Humphreys, Aitrvphys. Jetrm., SO, 
256 (1904). 
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earth sulphides impregnated with metals. Each phosphoreB- 
1 cent spectrum, however excited, consists of fixed groups of 
I bands more or less independent of each other, peculiar to the 

active metal The visibility of the different bands depends 

upon — 
j {a) The temperature the phosphor is maintained at. 

' {b) The nature (quality and intensity) of the radiation used 

to excite it 

{{) The time after exciution that the stimulus is observed. 
^l Different bands are discriminated by having very different 
[T rates of decay, and different behaviour with respect to tempera- 
'f ture, a band being defined as a complex of waves having 

common properties in respect of temperature, excitation by 

light, and rate of decay. 



S 148. Dynamics of Fhospuorbscence. 

In general, with reservations which affect the original rule 
also, it may be said that a law akin to Stokes' law for fluores- 
cence holds for phosphorescence, to the effect that the excited 
radiation has its optical centre of gravity further toward the 
longer wave-lengths of the spectrum than that of the exciting 
radiation. But as already stated, the excited radiation is much 
more specifically characteristic of the phosphor than a mere 
reflex of the incident rays. Of fundamental importance in 
considering the nature of the emission and the conditions of 
its persistence is the antagonistic effect of rays of different 
period. This is peculiarly evident in the inhibiting or 
extinguishing effect upon phosphorescence which is effected 
by red and infra-red rays. Ritter ' first noticed that not only 
did red and infra-red rays possess little or no power of stimu- 
lating phosphorescence, but that if they were allowed to 
impinge upon a body already phosphorescing, they could 
actually quench the light-emission. This phenomenon was 
rediscovered by Becquerel and turned by Draper' to the 

' See H. Kayser, Handbuthd. Sptciroi., Bd. 4, p. 794. 
' Pkih Mar., fll U. \V) fiSSt). 
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evolution of a method of phosphoric-photography of the infra- 
red region of the spectrum. Becquerel noticed that the 
quenching action of the infra-red did not taVe place instanter, 
but that at first the br^htness was rather increased. Stokes 
showed fiiitfaer that the increase at this stage was due to light 
of different spectral composition.' 

Wiedeman and Schmidt* also investigated the extinction- 
phenomenon, and fomid that phosphorescence excited by rays 
from a spark-gap could be quenched by infra-red rays. 



% 149, Brightness and Intensity-values. 

It will be evident that considerable difference of opinion 
and interpretation in such phenomena where there is a varying 
function is likely to occur through different observers taking 
different definitions of brightness and intensity. We may dis- 
tinguish in regard to the energy-yield in a given band, between 
momentary brightness and integral intensity.' The fraction 
of the integral intensity which is observable in the mean time- 
interval of an individual's perception is then momentary 
brightness, the brightness for a moment observed from moment 
to moment. There is a certain proportionality between the 
photometric brightness of the exciting rays (which, for con- , 
slant light-source, may be regarded as directly proportional 
to its intensity) and the photometric brightness of the phos- 
phorescence stimulated, but no simple correlation holds over 
a wide range. Further researches by Dahms,* however, show 
that the same infra-red rays may either quench or speed-up a 
light-centre in a phosphor, according to the state of the latter. 
Lenard has shown recently ° that the total light-integral (Licht- 
summe) emitted is the same, whether the emission is affected 

' Proc. Roy. Soc., H 63 <l882). 

* Wud. Ann., 66, 301 (1895). 

* Cf. P. Lenaid, "On the Emission of Light (in Phopphors) and its 
ExcilBlion," Sitt. itr. il. Heidilbcrg, Akad. iVUs,, Abh. S (1909). 

< Ann. d. Pky,., [4] 1*, 215 {1904). 

* Siti. itr. tftiii. Akad., 1911. 
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by infm-red or not. Nichols and Merrit ' state that with aidot- 
blende (phosphorescent zinc sulphide) there is an approach 
to a saturation stimulus in the excited phosphor, the bright- 
ness upon excitation as the intensity of the exciter is greatly 
increased, only increasing slowly above a certain value. 
Their investigalion, no less than those of Lenard and Klatt^ 
showed that no simple or uniform law holds for the emission 
in its totality, but each spectrally distinct band possesses, 
under determined conditions of temperature, its own suscepti- 
bility by excitation and its own manner and rate of passing 
away. For this dying-down of the phosphorescence we shall 
use the term "decay," although it is perhaps not the most 
suitable. In illustration of the phenomena to be observed, 
the following table from Lenard and Klatt is given. At the 
head of the table is given the earth-sulphide and the metal ; 
the iatertiities given in the third column were in this case 
only eye-estimates according to a scale of eight steps. 

Intensity I'.i is too weak for the colour to be distinguished, 
(.3 such that the colour just appears, 1.4 is what a well-rested 
eye in a darkened room would term a bright light,tlGi3a 
luminosity showing coloured in an undarkened room, 1.8 strong 
enough for several such surfaces to make reading possible in 
an ordinary room. These estimates were made one second 
after cessation of insolation, they are of course quite rough, 
but afibrd a good preliminary orientation in respect of the 
visibility of the appearances. Column 5 refers to the decay 
of the i^osphorescence, or more generally, to its duration, the 
persistence and decrease thereof. A very persistent phospho- 
rescence in this case was one which was still visible after some 
hours. 

' F. E. Kesler, Fhys. Rev., », 164 (1899). 
» PMyi. RtiK, >S, 37 (1906). 
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Table XXXV,— Ca-solphidb with Cu. 



No. 


A«i.i». 


,.«.»,. 


„.„. 


Count of d«*T- 


3 

4 


}n».so. 


{; 

4 

4 


Gteen 
Blue^reea 

Dide-gfeen 
Bine-green 


Liltle copper 

With iDOiVCniftJTlr per- 
sistent, greener with time 
Ditto 
IMtlo 


7 

8 
9 


Li^O, 
Li.?0, 


4-5 

4-S 
4 

4 

3 


Bri^t blue 

Green-bloe 
Tnrqnoise 
Tnrqootae 
Turquoise 

Deepbloe- 
violet 


BecoDiing grera, with Utile 

Perdstent, becoming 
below I.I 



For a very comprehensive and detailed description of a vast 
number of such phosphon snd their chuacteristics, the series 
of papers by Lenard and Klatt, frequently referred to here, 
should be studied.' 



S 150. CALCtlLATION OF ImTENSITY-LAWS. 

IS the first to attempt a quantitative theory 
of the rise and decline of phosphorescence. He started Irom 
the postulate that a phosphor had a certain definite t^ht- 
capacity, saturation or susceptibility S (it may be mentioned 
that there is a considerable analogy between the i^nomena 
of excitation and stimulation of phosphors, and the magnetiza- 
tion of steels), and a certain emissivity £ for its own particular 

di 
light. The actual emission -j may therefore be written 

' Wild. Ann., U, 90 {18S9) ; Ahh. Fhy!., [4I U, 2*5 (1904) ; Oid. 
41s ; ibid. 634. 

' £11 Lum&rt, loc. tit. 
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where E is the emiasivity, S the sugceptibihty. As r^;ardB the 
form of the function /, if we assume a law similar to Newton's 
f law of cooUng, we have 



f, when a = ^ lira. 



Hence an ordinary exponential law is obtained 

i = h- ^^ 
which was found valid for certain phosphorescences of short 
duration. For more persistent ones, Becquerel found the 
empirical formula 

where «»"* can be put equal to unity for a selected example, 
fairly adequate. H. Becquerel' has shown that this formula 
can be obtained from the ordinary differential equation for 
forced vibrations, when a friction term is present with the 
friction set proportional to some power of the velocity. Sup- 
posing this to be the second power, we have 



5 + /3" + l 



where w is the amplitude of vibration. A general solution of 
this is 

^ 

"" i 4- «. . 4/3r - « 
where Wo is the amplitude of the nth, b,, of the^rf (of zero 
order) vibration. 

Considering the intensity as the mean square of the 
amplitude, and that n, the number of vibrations, can be 
regarded as proportional to time, we have 

which is the same as £. Becquerel's formula, for the case of 
m = i. Regarding « as a sUtistical index of correlation of 
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intensity and time, the constants & and b are regression-co- | 
efficients, and may differ from band to band. Thns H. 
Eecquerel found for the two bands of a copper-calcium | 
sulphide phosphor 



(57 +0-09/)* "^(7-97 + 0-65/)= 

Micheli ' made experiments at different temperatures and 
found from 10° C. downward, the formula it = constant held 
very well in serent) cases up to 66 minutes. Buchner,* using 
a photographic plate obtained quite different results, which is 
to be expected from the very different spectral sensitiveness 
possessed by the plate compared with that of the eye. Not 
only, as Lenard and Klatt and others have found, is the 
phosphorescent light observed from moment to moment a 
sum of effects due to two or more bands with different time- 
rates of variation, but A. Werner' was unable to find any 
single-valued function expressing the persistence of one band 
in all stages. He considered that on cessation of the insola- 
tion, the stimulus in the phosphor (what we may call by a 
physiological analogy its photo-tonus) resolves itself into two 
effects, one a rapid emission, giving an exponential rate of 
damping of the moment-intensity of the band, and a much 
slower process, corresponding to a species of permanent set 
in the light-centres of the phosphor, this latter is fairly well 
represented by Becquerel's formula — 

Werner measured the intensity-decay of the a-band, 
X = 550 ^^, of Sr-Zn-(CaFj) phosphors. The influence of 
illumination was represented by a curve rapidly attaining a 
saturation- value (cf, the curves for the photo-electric current), 
the saturation-intensity then falling off somewhat on more 
prolonged exposure, which may be attributed to the quenching 
effect of the rays of longer wave-length coming into play. 

' Arek. Sc.fkyi. tinal. n/rr., [4] IS, 5 (1901). 

' See H. Knyser, Handbuth d. Sptctrm., Bd. 4, p. 73t. 

• Ann. Pkyt, [4] 24, 164 (Igo?)- 

C.oogle 
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With increased intensity of the source, the phosphorescent- 
intensity at first increased nearly in direct proportion, but 
gradually reached a limiting value. 

For the decay of the total brightness (Lenard's " Licht- 
summe") curves were obtained which could be represented 
neither by an exponential function nor a parabolic one, but 
could be regarded as compounded of the superposition of a 
rapid exponential decrease with a slow linear regression 
representable by Becquerel's expression in the form — 
r _r / 

T being the time-constant of their persistent process, i^ its 
initial intensity. On the other hand, the momentary process 
(giving what Lenard terms a " Momentanband ") follows a 
function of the form — 

I = U— '" 
where n depends upon the exciting intensity. Werner con- 
cludes that the initial intensity >a of the persistent process is a 
measure of the light-storage effected, and that this persistent 
process is effected by a different region of the spectrum to 
that exciting the momentary one. Taking the ratio of initial 
intensities of these, as near the moment of cessation of excita- 
tion as possible, then this ratio 4 , ■ ^- — '- effect, is for the 

»o persistent 

same phosphor greater for cathode rays of low intensity, or 
quartz-filtered ultra-violet, than for cathode rays of great 
intensity. 

The superior eiBciency of cathode rays in provoking 
phosphorescence and cathode-luminescence leads readily to 
the coupling of phosphorescence with the photo-electric effects 
previously noticed. It is in virtue of such an assimilation 
that P. Lenard has founded his theory of phosphorescence. 
But before introducing this or other conceptions of the inner 
mechanism of the process, we may note that in the course of 
their investigation of the photo-electric effects given by 
I^osphors, Lenard and Saeland ' observed an allied action of 
' Ann. Phyi., M, 476 (1909). 
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light upon the phosphors, which they termed " actinodielectric 
action." It consists in a partially or completely reversible 
dielectric displacement in the phosphor when this is simulta- 
neously exposed to red or infia-red light, and to an electric 
field in which its dielectric constant (specific inductive capacity) 
is detennincd. This reversible breakdown of the insulating 
power of the phosphor when exposed to light was fiirther 
investigated by C. Ramsauer, W. Hausser, and R. Oeder.' 



§ 151. Thxories of Phosphorescence. 

(a) The earliest conception of the process may be called 
the "sponge" hypothesis. It was based on the prevalent 
theory of a substance "light," and supposed that the phosphor 
absorbed light like a dried sponge does water, giving it out 
again in darkness as if under some form of inner pressure. 

ib) The next theory worthy of note, and which was sup- 
ported by Becquerd and Wic^eman, supposed that the 
phosphorescence was a consequence of pulsation or oscillation 
of the particles of the phosphor between two condidons or 
states. Roughly representable by the scheme — 
-» light + A -^ B 

B -* A + light -*■ 
this hypothesis, especially when modified by the assumption 
(if required) of more than one kind of vibrating molecule, 
responsive to more than one train of light-waves, readily 
suggests a mathematicalfonnulation of the kinetics of the action, 
without being committed to any very explicit picture of the 
dynainic. 

if) A chemical theory of the process is that it consists in 
a periodically retarded and accelerated process of slow or 
persistent combustion, both hydration (and dehydration) and 
intramolecular autoxidation being concerned. Rays from one 
region of the spectrum accelerate one aspect of the process, 
rays from another retard this aspect, in that they accelerate the 
alternative side of the change. This theory is not incompatible 

' Ann. Phys., [4] », 445 (1911), 
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with the preceding, nor with Ae later ionic and electronic 
theory, it simply lays more stress on the chemical aspects of 
the problem. 

{i) Electronic and ionic theories. 

It is natural that phosphorescence should have been drawn 
into the dominion of the amber witch, electricity, and explained 
in terms of gyrations and terpsichorean antics of her elves and 
fays, the ubiquitous electrons and ions, De Visser ' suggested 
that in the phosphor, considered as a solid solution of a metal 
' or a metal group, the etectro-magnetic vibrations of light 
increased the amplitude of vibration of the quasi-bound elec- 
trons of the metal till they became detached from the electrions, 
or atomic electric fields, of which they formed part. On cessa- 
tion of the exciting rays, these electrons returned to their 
nuclei, but meeting with inert or neutial molecules, raised 
these to momentary incandescence.' The most consequent 
development of the electron theory — the theory of discrete, 
atomic quantities of electricity, with which is associated the 
Planck-Einstein theory of finite action and radiation-units — in 
regard to phosphorescence is due to Lenard,' who points out 
fordble reasons for regarding the processes of emission of 
series spectra by excited metal vapours, and the luminescence 
of phosphors as processes of a kindred order in the metal 
atoms in question,* In both cases Lenard postulates an 
expulsion of electrons from the atom, and light-emission conse- 
quent on their return. If the using-up or dissipation of the 
acquired stimulus consists in a return of the electrons with an 
oscillating approximation to their original orbits in the sphere 
of influence or dynamid of the atom, as the possibility occurs of 
a consequent electric current in the space occupied by the 
emission centre, this nucleus may consist of more than one 

' Rk. trai. chim. Payi Bos., 90, 435 ( 1905). 

• Cr. also J. de Kowalski, Bull. Akad. Sd. Cractniit, p. 649 (190S). 

■ A lammary of hii views will be fonnd in & paper " On tbe Emission 
of Light and its ExdUtion," Silt. itr. HdiUierg, Acad, Witi., Abh. 3 
(1909) ; alio Ann. d. Pkyi., [4] tl, 64I {1910). 

' That exactly the lanie wave-lengths &re active in producing pholo- 
eleclrie efiecis and exciting phosphorescence in the same phosphor was 
•hown by Lenard and Saeland. Ann. 4. fhyt., [4) SI, 476 <I909). 
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metallic element, vhich LenartJ suggests are grouped about a 
sulphur atom, e^. 

In the CaCu a ^-centres' In the CaCu ^ lA^entres 
— Ca— S— Ca— —Ca—S— Ca- 

ll /\ 

Cu Cu Cu 

the terms o lA^ntres and /3 ^<entres referring to the corre- 
sponding persistent (" Dauer ") bands, the bands emitted by 
the centre in two conditions differing according to the number 
of valency-electrons they have lost. The inner current referred 
to would then depend upon the chemical composition of the 
phosphor, and would further depend in general upon tem- 
perature in a manner conesponding with the actual three 
temperature stages of the bands. 



§ 153. Excitation DiSTRiBimoN and Temperature. 

Experiments over a very wide range of temperature, from 
that of liquid hydn^en upward,' show that each band, on 
increase of temperature, gives three states or conditions. These 
are termed the "cold state" or lower momentary state, the 
permanent or persistent state, and the " hot state " or upper 
momentary condition. In the first, only storage of energy 
occurs, without after-glow; in the second, both storage and 
after-glow ; in the third, neither. 

The momentary luminescence, which may occur for any 
stage, and during the excitation, is properly speaking 
fluorescence. That the same atomic groups are capable of 
either fluorescence or momentary luminescence, or the per- 
sistent luminescence of phosphorescence proper, rather accord- 
ing to the medium immersed in and its conditions of pressure 
and temperature, than the original source of excitation, is shown 

' In order 10 account for the same centre being able to gire more than 
one band, it is assumed thai the nature of the linkage of the active melal- 
atam with the sulphnc-atom msr difTer Trom time to lime. In support of 
this there is tb« Act ibat there are never more bands than the active m«al 
has valendes. 

' P. Lenard, lae. tit., I904. 
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by the fact that d^e-stufis, fluorescent in liquid solutions, can be 
made to exhibit peisistent after-glow and the criteria of phos- 
phorescence proper, if dissolved or dispersed in a solid orsemi- 
.olid medium.' The following table exhibits some or Schmidt's 
results on this point ; his work also showed the close correlation 
of the luminescence spectrum with the absorption spectrum. 

Table XXXVI. 

Syitem. Colour. Aj-Ai, Umlu oTIwih] id fi^ 



Fuchsia in gelatiDc . 
Kose-bennl id gelatine 
Chiyunibn in gelatine . 



. YeUow 


665 to SS4 














1 VeUow-giecn 


610 to 48s 




590 to 490 



Similarly, all organic bodies possessing strongly marked 
absorption bands in the ultra-violet seem capable of either 
fluorescence in a dispersed condition or phosphorescence in 
a condensed condition, when excited by radiant energy oi 
suflicient frequency. Examples are retene, anthracene, hydro- 
quinonc, phenol, etc 

§ 155. Fl.t;ORESCENCE OF METALLIC VaPOURS. 

The fluoreacence of metallic vapours in vacuo or generally 
under greatly reduced pressure of oxidizing gases, pertains 
properly to spectroscopy, and is only briefly dealt with here on 
account of the complementarity of emission processes with the 
absorption and pboto-cheraical activity of tight. Remarkable 
results have been obtained on the dispersion of light by sodium 
vapour kept at a high temperature in a good vacuum (as regards 
other elements) and excited with light of different kinds.' A 
diagramtnatic representation of Wood's arrangement is shown 
in Fig. 45- 

■ G. C. Schmidt, IVi^. Ahh., SB, 103 (1896). 

' R. W. Wood, Flkil. Mag. (1906). t locwlc 
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In the horizontal tube, of porcelain or steel, were heatC'' 
pieces of sodium. The end of the tube is provided with a quart? 
window, through which light is introduced at oblique incidence 
to the axis of the tube, and the Suorescence excited in the heated 
vapour is then examined with a spectroscope, the optical axis of 
which is also inclined to thai of the tube, The actual spectro- 
scopic phenomena are very comfdex and only some of the 
salient results aie referred to here. 

{a) The fluorescent and the absorption spectrum are 
complementary. 

{b) Excitation with the sodium Di-D, lines produces a pair 
of tbe same wave-lengths in the luminescent spectrum, but also 



VSoorce 




Fio. 45 



bands of lower refrangibility. The D,-Dj lines do not appear if 
light of those wave-lengths is absent from the exciting beam. 

{c) Violet light had little apparent effect, but on passing 
toward the longer waves (in the exciting beam) a yellowish 
fluorescence is developed, composed partially of reflected or 
readmitted incident rays, and a further refracted group. As 
the exciting beam, or rather its spectral centre of gravity, is 
displaced toward the longer wave-lengths the head of the 
fluorescent spectrum is progressively displaced in the contrary 
sense, there being always a certain amount of overlap and 
direct re-emission of exciting rays as well as transformation. 

Stokes' law (wa^p. 4r6) is practically abrogated, particularly 
when the optical centre of the exciting light is near the principal 
mode of the luminiscent spectrum. 

{d) On diminution of \, the slit-width, and consequent 
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IJrrowing of the range of the exciting rays, the fluorescent 
-pectruni is much weakened, but for X = width of a sodium 
ine, there is a species of scintillation, bright lines appearing 
ind disappearing in succession in different parts of the 
spectrum. 

The simple re-emission, when there is actually intensifica- 
tion of the brilliancy of the rays, as for the principal sodium 
line, Wood considers to be a resonance effect pure and simple, 
and to be distingnished from the fluorescence proper. 



( § iS4> Fluoresckmce in General. 

Although we have now good reason to suspect that similar 
transformations not limited to the visible spectrum are capable 
~)f being efiected by matter absorbing light, yet fluorescence 
was historically limited to tnuisformations in which the re- 
emitted light was confined to the visible spectrum, the dis- 
tribution of energy being, however, modified. The similarity 
in some respects of the phenomena with those of the scattering 
of light in turbid media caused Brewster to term it internal 
dispersion, and Herschel ' e[n-polic dispersion. 



§ 155. Stokes' Law and the Redisihibution of Energy. 

Stokes laid the foundations of accurate and critical analysis 
' of fluorescent phenomena in a magnificent series of papers 
commencing in 1853,^ and although some of his deductions 
have required modification, the methods of investigation he 
btioduced and the distinctions which he drew attention to 
have formed the solid core of all subsequent work on the 
^ problem. 

If a beam of light be, on the wave-theory, supposed com- 
pletely specified by its colour or finite range of vibrMion- 
frequencies, and its state of polarization, then the evident 

' PAil. Tram., 1854, p. HS- 

■ rhil. TraHi., [a] 143, 463 (1851). For a comprehensive review of 
Ihe whole qaestioa see H. Kayser, Hattdbuth d. Sptctr^mf., Bd. 4, 854 

(1905). 
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phase-change which light undergoes in fluorescent media must 
be attributed to a change in one of these characteristics. 
Stokes concluded that no change in state of polarization fitted 
the phenomenon, and concluded that there must be occurring 
a transformation of invisible into' Tisible vibrations. He 
distinguished fluorescence from scatter by tbe absence of 
polarization in the case of fluorescent light, and by the clarity 
of the fluorescent medium. 

l^e means of discriminating fluorescence which he devised 
were twofold. 

(a) Complementary colour-fillers in the path of tbe beam. 

Given two complementary colour-filters which tc^etber 
absorb tbe whole spectrum, then this opacity will be unaffected 
if a non-fluorescent substance is placed between and a beam 
passed through one filter. If, however, the first filter, nearest 
the source, let through rays capable of making the substance 
fluoresce (or conversely, if the substance fluoresce in the 
transmission -band of the first filter), then it will be perceived 
through the second filter. Stokes used combinations of cobalt 
and manganese glass, and of ammoniacal copper sulphate 
versus yellow (silver) glass, but many more com.binations have 
been rendered possible by the evolution of the dye-industry 
and the utilization of colour-fillers in photography.' 

{b) Method of crossed prisms. 

The fluorescent body is illuminated serially with quasi- 
monochromatic light from a solar prismatic spectrum, and 
a second prism is placed so as to deviate the ray from the 
tiuorescer at right angles to its length. For substances 
following Stokes' law, the fluorescent spectrum does not extend 
as far as tbe primitive spectrum. 

Tbe validity of this law, to the efiect that the wave-length 
of the fluorescent light was universally greater than that of the 
exciting ray, became the crux of polemic and investigation. 
It was contradicted, both on experimental and theoretical 
grounds, by Lommel,'*' but reconfirmed for a wide range of 

* See A« Atlas af Absorptien Spttlra, by C. E. K, Meei (Lonirmuis, 
1909). 

• Po^. Ann., 1», 7S (1877) ; IVuJ. Ann., S, 113 (1878). 
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substances by Hagenbach.' A lively controversy arose as to 
whether so-called negative fluorescence exbted, i.e. whether 
tnfra-Fcd rays could give rise to visible or ultra-violet radia- 
tion." Various results obtained by concentration of infra-red 
rays were interpreted in this sense. The generalized displace- 
ment principle of Wien and Plandc (p. bo) on the equilibrium 
of radiation shows that as soon as a body of radiation is 
sufficiently coherent to be attributed a temperature in a 
thermodynamic sense, work of compression or condensation 
done upon it must increase the temperature and displace the 
optical centre of gravity toward the shorter wave-lengths. 
Hence arguments from the effect of concentrated infra-red 
rays may be considered to support " negative fluorescence" or 
not, according to the interpretation of the term. Once the 
occunence of exceptions to Stokes' rule is admitted, then the 
question of the reversibility of fluorescence, as of other 
processes involving dissipation of energy, merges into the 
wider problem of possible processes, not contradictory of the 
practical onus of the second law of thermodynamics, but 
actually operative in a sense contrary to it, namely, in the 
sense of concentration of energy, other than those vitally and 
purposefully controlled to that end. Actually, the chief diiS- 
culty in testing Stokes' rule lies in the accompaniment of 
scattered light, which like a blare of undesired sound envelop- 
ing a melody, drowns the motif. However, careful experi- 
ments by Stenger ' and by Stenger and Hagenbach together 
establishiBd the real existence of a large number of exceptions 
to the rule beyond doubt, and this very restricted validity 
has been since confirmed by Nichob and Merritt, In 
fact, if spectrophotometric determinations had been made 
instead of eye-estimates, it is possible that the rule would 
never have been framed. Stenger used a narrow strip cut out 
of a pure spectrum, and showed that with nearly all cases, 
light of wave'length greater than that of the fluorescent band 



' Pegg. Ann., 146, 65. 508 (187a). 

* Sm H. KaysM, Handbutk d. Sfa/rvtcef., Bd. 4, p. 863. 

• Wwrf. .rf««, M, »1 (1886). (.'ooqIc 
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could excite it This was especially evident with eosin and 
fluorescdfn.' 

Stenger concluded : — I 

(a) Every maximum in the absorption spectrum of the ' 
fluoiescer is correlated to a maximum at approximately the I 
same position in the fluorescent spectrum, but the intensity- \ 
gradient in the fluorescent spectrum is much flattened, 

(b) With increased concentration of the fluorescer, the 
intensity of fluorescent light Arst increases, reaches a maxi- 
mum, and then decreases again. This law of an optimum 
concentration was found by Stokes. 

(<:) The ratio of the fluorescence from a superficial layer 
to that from an inteiior layer increases with the absotption, 
but becomes less the greater the observing distance. 

Wood has shown that fluorescing bodies do not in general 
follow Lambert's law, the intrinsic brightness increasing with 
oblique observBtion. 

Later researches by Nichols and Merritt * and Wick,' show 
that different fluorescing" substances exhibit many anomalies, i 
difficult to bring within I 
the scope of any simple 
mathematical law. The 
results of the former 
observers as to relation 
of energy-distribution in 
the exciting light to the 
energy-distribution in 
the fluorescent li^t, for . 
a solution of an eosine 
dye-stufi*, are illustrated 
in the diagram. The 
curve convex to the 
x-xtS& shows the energy-distribution of the transmission band of 
the solution ; the curve concave thereto that of the fluorescent 
light. The broken curves are for a more concentrated solutiotL 

■ WUd. Ann., S>, 577 (18S8). 
' Pl^s. ffev., IS, 413 (1904). 
' JM., M, 371 (1907)- CloOt^lc 
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Tbey show that the fluorescence maximum does not coin- 
cide exactly with the absorption maximum, the fiuorescence 
spectnim being displaced somewhat toward the less refrangible 
end of the absorption spectrum. But change of concentration, 
although leaving ihe general aspect of the distribution the 
same, modifies tbe rabos to some extent, the maximum being 
also slightly shifted toward the red. 

From the intimate connection between absorption and 
fluorescence, it may be said that the general influence of 
solvents upon tbe fluorescence of bodies dissolved in them is 
much tbe same as their influence upon absorption (see p. 151). 
Typical of the relations between the spectrum of the light 
actually stimulating the Auorescer and the fluorescing spectrum 
is tbe following table from Nichols and Merritt t — 
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In each case the fluorescence consisted of one band lying 
about tbe minimum of the absorption spectrum. The actual 
fluorescence is very remotely connected with tbe nature of the 
exciting light, but is rather an immediate function of the con- 
stitution of the fluorescing body. This leads us to consider the 
influence of chemical constitution and composition upon 
luorescence. 



giiizcdt, Google 
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§ 156. Relations of Fluorescence to Aggregation 

State and to Chemical Constitution. | 

T. S. Elston' has observed the fluorescent light from 1 
certain organic vapours when appropriately excited, in par- I 
ticular, anthracene (which we hare already seen in photo- 
sensitive), and concludes — 

(u) The spectra of vapours are similar to those of solutions. . 

(^) All rays in the absorption-band of a substance are I 
capable of exciting fluorescence. 

(i^) The presence of certain gases does not affect the 
phenomenon, whilst certain others may increase the fluor- _ 
escence, others diminish it. 

(d) Increase of pressure dimitiishes the fluorescence, 
relatively considered. Here again the compromise between 
absorption and emission, as observed for concentration of ' 
solutions, comes into play, to give rise to an optimum pressure. 

These experiments again point to the close connection 
between the "momentary bands" of phosphorescent bodies j 
and fluorescence. It appears evident that, on the whole, solid | 
solutions of certain " luminopbores " or pboto-s^silive groups ' 
of atoms, favour persistent bands, whilst liquid and gas 
solutions of the same luminopbores favour the impermanent 
momentary bands, when the luminopbores are excited by 
radiant energy.' But it appears highly inx>bable that the same 
groups of atoms, with a slightly varied kinematic grouping is 
the two cases (of momentary bands and persistent bands), are 
ultimately responsible for the characteristic peculiarities both 
of fluorescent and phosphorescent spectra. Also there is 
reason to believe that, aliice for inorganic and organic sub- 
stances, the modes of grouping of the atoms are essentially 
similar. But before advancing to the question of the relation 
of chemical structure to fluorescence, we may note some 
further facts connected with the absorption of light in . 
fluorescent solutions which point to the actual groufMCg 

' i'lftr'j yairiue* /, PfiaU, 1910, p. 31a Cf. also E. EbeM, Wud. 
Ann.^fA, 144, Mid A. de Hemptinne, .Zor./i/r, CiMi., St, 483 (1897). 
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proper to the duorophore being to a considerable extent 
conditioned by the light incident, always provided that absorp- 
tion is possible, so that fluorescence of some form may be said 
to be a usual concomitant of photo-chemical change, but 
generally in such cases the chemical change is virtual or 
isodynamic The absorption of light in fluorescing systems is 
marked by certain singularities, which are, however, not dis- 
similar to those usually characterizing systems in course of 
photo-chemical change. Measurements of the absorption of 
light by fluorescing solutions have been made, inter alia, by 
Walter,* Knoblauch," Nichols and Merritt,' F. Wick,' Burke,' 
and Camtchel.' 



§ 157. Fluorescence and Cheuical Constitution of 
Bodies. 
The preceding sections have dealt with fluorescence and 
phosphorescence from a kinetic point or view, as the general 
sign of certain partially reversible or virtual chemical dianges 
involving alterations of valency-relations of residual affinity, 
but not necessarily filial, being rather manifestations of the 
mobility of affinity within the closed circuits of certain 
definitely constituted groups of atoms. When the question is 
attacked from this point of view, and the correlation between 
fluorescence and chemical constitution investigated systemati- 
cally, it is found that a very similar state of aflairs obtains as 
is noted for selective absorption and chemical constitution. 
This is, in view of the dynamic connection of absorption and 
emission functions, only what we should anticipate, but the 
first to systematically trace the correlation of fluorescence with 
definite chemical constitutions was R. Meyer,' who worked 
with organic substances. He concluded that certain nuclei, 

> U^ifJ. Ahh., Se, 501 {1S89) ; IS, 189 (t89>)- 
•/tol/.,M, 193(1895). 

* JaJtri. d. RadieakliviUil, 9, 149 (I905). 

> Phil, Tram., 191, S7 (189S). 
■>«r«.,i /'A//., 4,873(1905). 

' ZtH./ifyi. Chnt., 1^ aM (1897). 
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residues of radicles, which he termed " fluorogens," wert. 
invaiiabl; associated with the production of fluoreBcenci; 
These groups are similar to the chromogens in the theory of 
dye-stuffs. Although a necessary condition of fluorescence, 
their existence alone is not a sufficient reason for actual 
fluorescence. For this it is essential that these nuclei, which 
are principally hetero-cyclic rings, should be in a state to enter 
into transient oscillatory interaction with certain contingent 
groups, which may be compared to the auxocbromes (as auxo- 
fluors) of KauSmann's theory.' It is not the atatic cor 
figuration which is responsible for the fluorescence, but the 
essence of the phenomenon is that certain configuration, 
should be dissociated by an external force which they pass ot 
in thus dissociating, and then be reconstituted, re-associated. I. 
is the reclosing of the circuit which is marked or signalized by 
the extra-current of fluorescence, and the then kinematic 
grouping which is the actual fluorophore. As in colour, single- 
membered rings alone give no visible fluorescence, but rather 
a closed conjunction of such rings. For example, pyrone 
is non-fluorescent, as is also phenol pbthalein. 
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Substitution of neg&tive elements, such as chlorine, taxf 
'■isseii the fluorescence, but this effect of substitution is again 
nitigated by the nature of the solvent. The action of this is 
at least as indeterminate as in the case of colour-production, 
there appearing to be all grades between mechanical in- 
diflTerence and true chemical combination. But definite 
selective fluorescence, as definite selective absorption, is 
undoubtedly due to the recurrent formation of identical 
'^finite chemical combinations. Amongst fluorescent groups 
»f dye-stuffs, with the fluorogenic ring indicated, we may 
"ote— 



Adidines 



i 



Auorogen 



Anthracene dyes 



CH 

i '1 

CH 
CH 



fluorogen 



fluorogen 



fluor^en 



O 



fluorogen 



and similar thio-rings. It is important to notice that the 
invariant factor in a fluorophore is the fluorogen ; the actual 
Huorophore itself may have a partially indeterminate con- 
stitution, being iitdeed a dynamic intennediale condition 
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which is only formed to be transTormed in the tnmsmission of 
more light. 

Later, in conjunction with J. Stark,' Meyer finds that 
certain simpler phenols and aromatic residues, including 
benzene, show ultra-violet fluorescence, so that, as in the case 
of selectiye absorption, the benzene ring may be taken as one 
point of departure in the phenomena of lluorescence, which, 
on this ground, is not to be referred only to hetero-cyclic 
combinations. 

The correlation of fluorescence with dynamic isomerism 
has been reviewed by Hewitt,' whilst Kauffmann has exposed 
his views on the matter in a separate monograph.' 

§ 158. Fluorescence, Catalysis, and Biocuehical 
Change. 

The production of fluorescence is remarkably dependent 
upon small traces of subsidiary substances, of which, as in the 
case of phosphorescence, certain roetals seem to be of prin- 
cipal importance, though many electrolytes are capable of 
affecting the phenomenon. Conversely, fluorescent substances 
are capable in the presence of light of greatly modifying the 
chemical metabolism in living tissues, which, in its most 
general aspect, may be said to consist in an electrolytic regula- 
tion of the formation of colloid structures. A series of 
researches on what he terms the " pholodynamic action " of 
fluoresdng dye-stuffs has been made by Tappeiner* and his 
co-workers. Experiments upon the combined action of light 

' Brr.,%\, 510(1898); Fhys. ZnV., 8, 150 (1907). 

• Bril. An. Rtf., pp. 628-630 (1903). 

* " Fluoreesuiu und Ctiemische Konslilulion," Ahrtnt Somm., Bil. 1 1 
(Slutlgirt, F. Enke, 1906). 

' A. lodlbBuw and H. von Tappeiner, ArcM. klin. Med., p. 85 (I904) ; 
Also "Ges. UntersBchnng. nber d. phoLodfnun. Enchcin." (Leipag, 
1907) ; " Aciion on FcrmenlB »nd Tonins," H. von T*ppdnet, Btr., 
p. 303s (1903); and "Pholodynamic Aciion on Yeails and Veast-stp 
(Zymase)," F. Locker, Inau-;, Disirri. {Bonn, 1906) ; " On Protoplum," 
H. Downes and F. P. Blunt., Proe. Key. Sec., SS, 305 (1879) ; " Snnlielll 
and Eoiymcs" O. Kmmerling, B/r., M, 3811 (1901). 
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and fluorescent bodies upon the activity of micro-organisms, 
enzymes, and oiher phases of vital change, showed — 

(a) The activity of enzymes and toxins is inhibited by 
fluorescent substances in light, but not in darkness. 

{b) Certain organic autoxidations, as of iodides, are 
accelerated. 

(r) The photodynamic reaction on the protoplasm or 
ferment is not proportional to the apparent fluorescent light, 
but increases as this diminishes, provided it does not fall 
below a certain minimum. In this connection, the direct 
photo-sensitiveness of ferments, such as invertase, catalase, 
etc.,' to ultra-violet light, is worthy of remark, as well as the 
capacity of light to bring about organic reactions otherwise 
only induced by ferments. 

As preliminary to the correlation of fluorescence with vital 
activity, we may notice that many of the fluorescing dye-stuffs 
form various grades of solution, ranging from suspensions 
through colloid solutions to true solutions, and that condensa- 
tion of the true solutions to colloids may be effected by light, 
whilst conversely a dye-stuff giving no fluorescence, but a turbid 
solution in one solvent, can be made to give a true solution 
exhibiting fluorescence by modifying the solvent.' ' 

I 159. Fluorescence and Photo-chemical Extinction. 

Wien, from the principle of harmonic displacement ' of the 
optical and thermal centres of gravity of a limited body of 
radiation upon variation was led to the conclusion that a new 
absorption band should be formed in a substance which 
fluoresced in light. Burke,^ from experiments with fluoresdng 
uranium-glass, concluded that this was the case, and that a 
body fluorescing had a greater absorption than if not 

' Cf. iHlraiuctian to BacleriahgUal end Entymi Chemislry, G. J, 
('nwlei (London, E. Arnold, 1911). 

' See L. Michaelit, Virchmfs Arrhw., 179, 195 {1905); S. E. Shep- 
paid, Prec. Roy. Soe., A. S8, 256 (rgog). 

* " Temperalure and Entropy or Radiation," iVitd. Ann., S8, 131 
(i«94J- 

• PJUt. Trout., Ul, 87 (1898). 
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fluorescent This may be suted differently, in the form, 
that whereas the absorption constant of non-fluorescent 
bodies is considered to be independent of the iniennty of 
the light-souTce, this would not, following Wien's principle 
through, be true for fluorescent bodies, but for these the 
absorption should be a function of the intensity of the light. 
Now, much of the uncertainty in settling this and kindred 
problems ' arises from the practical difficulty, which there are 
also theoretical reasons for supposing only approximately 
surmountable, of altering the intensity of light .vithout altering 
its quality. 

Burke's conclusions were traversed by Camichel, but 
supported by Nichols and Merritt, from experiments with 
aqueous and alcoholic solutions of eosin and fluoiescein. 
They measured the' transmission-curve of the solution for an 
acetylene beam, also the fluorescence excited thereby, and 
finally the total effect. Suppose now that T~' be the absorption 
for light of wave-length, and F-' the reciprocal fluorescence. 
Then if there is no alteration of the absorption, or reciprocally, 
of the transmission by fluorescence, we should have for the 
total eflect C = T' + F"'. Nichols and Merritt found 
experimentally that there was a small but constant difierence, 
pointing to an increased absorption when fluorescence 
occurred. 

Experiments with the light-source at diff'erent distances 
showed that the fluorescence-absorption increased with 
diminution of the distance up to a cerUin value, when a 
species of saturation seemed to set in. It is of course 
possible that this may be due to the varying absorption of the 
intervening medium for ultra-violet rays. The subject requires 
more experiment and also a consensus of opinion upon the 
interpretation of the data, for the problem is so beset with 
subjective elements that, as whenever the relation of subjective 
brightness of light to objective intensity is under discussion, 
one may say of it as W. K. Clifford did of a more general 

' As, loT instance, (he delcrmiD^tion of the range of validity of tb« 
Buiuen-Roscoe reciprocity-law for lime and intensity in pholo-chemial 
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thesis, " 'I'he question is one in which it is peculiarly 
difficult to make out what another man means, and even vhat 
one means one's self." ' 



§ i6o. Mechanical and Electro-magnbtic Theories. 

Stokes, and more explicitly Lommel,' formulated theories 
to explain the phenomena of fluorescence on the wave-theory 
erf' light and the molecular theory of matter similar to those 
already noted in dealing with selective absorption and 
dispersion of light. These theories postulate the existence 
of molecules oi atoms in the fluorescing substance capable 
of executing periodic vibrations syntonic with certain in the 
incident light, and in fact re-emitting light of the vibration- 
frequencies that they respond to. As the origin of the quasi- 
continuous fluorescent-spectra, they both suggested a strongly 
damped fundamental vibration, analyzing to a Fourier series 
of sine terms with diminishing amplitudes. Taking one 
Species of molecule as responsible for one characteristic band, 
Lommel sets the displacement of the same from its original 
equilibrium as 

F sin ht 

where F is a proportionality -constant depending on the light, k 
the phase, and /the time, for each wave-length effective. This 
displacement is further damped by a friction-tenu varying as 
the velocity and the force of restitution, a term responsible 
for the fluorescence ; when developed to the second power 
of the displacement the inlegml contains both the free, the 
forced, and the upper partial derivatives of the fundamental 
vibration. The friction-term agrees with a dependence of 
the absorption upon intensity of the incident light, whilst 
also ensuring that the frequency of the proper period emitted 
is less than that of the period of strongest resonance, that 
is, of maximum absorption, which threes with the relative 
displacement of the fluorescent band compared with the 

' Lertarrt and Eisayt, t, p. 88 ; cf. R. \V. Wood, Phil. Mag., [6] IS, 
940 (1909). 

• Wild. Ann., 56, 741 (1893). 
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absorption band, and the existence of fluorescmt bands of 
finite amplitude. 

Lommel's theory has been much modified and criticized 
since its genesis, ' and the tendency has been either to 
abandon the attempt at an explicit molecular-mechanical 
image of the process, in favour of a purely statistical 
correlation of the facts, or to dilTerentiate the molecular- 
mechanical theory yet more minutely in some application of 
the electron hypothesis. Attempts to discover the harmonics 
of the fundamental vibration, in the ultra-violet and infra-red 
regions, which are predicated on Lommel's theory, have led 
to no positive results, although the notion of ultra-violet and 
Other invisible fluorescent bands has been promulgated. 

Wiedeman and Schmidt^ abandoned the attempt to 
formulate a definite molecular-mechanical image in favour 
of the physico-chemical theory of a complex molecule or 
molecular complex capable of pulsating iso^ynamically, this 
being inathemalically expressible by a characteristic function, 
its " luminiferous receptivity." Assuming a reversible 
reaction of the type 

-» light -f A ^ B 

B = A -f light -» 

then the re-emission of light is referred to the restitution of the 
molecule or particle to its initial state A, the molecule having, 
in consequence of this pulsation, at any moment, as possessing 
a dual personality, or rather, to be etymologically exact, dual 
translucency, two different refract! vi lies, and correspondingly, 
two different absorption or extinction coefficients for light of 
wave-length within the range of periodicity of its own funda- 
mental pulsation, and of which one value will, at any given 
moment in a given plane, be real, the other imaginary, 
Wiedeman's theory obviously links on to the notion of 
tautomery and dynamic isom^ry in chemistry, as conditioning 
fluorescence (see p. 176) his complex molecules witha definite 
"light-receptivity" approximating to the lumtnophores of 

1. 4. p- 1988. 
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Kauffmann. Nkhols and Merritt, whilst considering that 
the change of conductivity they observed in fluorescent 
solutions exposed to light indicated some form of electrolytic 
dissociation as concomitant therewith, suggested that this 
must be rathei of the type effected by X-rays, etc., in gases, 
than that deduced as happening with simple electrolytes in 
aqueous solutions. The increase of conductivity which they 
found in fluorescent solutions on exposure to light has already 
been noticed (p. 374). Voigt -has applied the ionization 
theory to the phenomenon. He considers as fundamentally 
characteristic of fluorescence : — 

(a) The vibrations are free, only partially coherent ones, 
that is, their phase is only very slightly related to that of the 
exciting rays. 

{b) All circumstances increasing or diminishing the 
number of free ions affect the magnitude of the fluorescence 
effect similarly. 

(<:) The fluorescent vibrations are only slightly damped. 
This aspect of the question cannot, however, be resolved 
without considering the interrelation of fluorescence and 
phosphorescence, and the damping or extinguishing influence 
of infra-red rays (see p. 403). Reference should also be 
made to Einstein's treatment of the subject.' 

S 161. Fluorescence and RADio-Acrivrry. 

It is also worth noticing that the phenomena of fluorescence 
exhibit, in so far as the quantitative laws of increase and 
decay are concerned, considerable analogy with those of 
induced radio-activity, such as is exhibited by metals, etc, 
exposed to ^rays and Rontgen rays,' and indeed the sections 
on photo-electric currents show that there is reason to 
associate the phenomena causally. 

In conclusion, we may notice a certain number of i^oto- 
echnic or caUtypic actions in which the indicating apparatus 
was either a photographic plate or an electroscope, and which 

' Drud^t Ahm., ST, 131 (1905). 

■ Cf. H. W. Schmidt, "On Ihe Abiorptioa and Scatter (Imdialiun) 
of a<nf 1 by Ifatter," Ann. Pl^t., I4J ». ^> (■9°7)- 



430 PHOTO-CHEMISTRY 

have been adduced in support of the view that not only are 
all chemical reactions concomitant with a certain extrusion 
of electric radiations, but that radio-activity, such as is 
pre-eminently observed with ndium, actinium, etc, is a 
special manifestation of a universal intra-atomic ene^y. 
All these actions consist either in the positive fogging of 
unexposed plates, or in the reduction of the fog or density 
of plates already exposed, the action of the substances in 
question being suspended by thin interleaves of some, but 
not of other, substances. References are given to certaia 
papers, but it is hardly possible at this stage to effect any 
profitable analysis of the literature on the subject, allhough the 
observer overhauling the' facts may perhaps extract something 
of value. 

' See J, M. Eder, HaitdhKh d. Phal., Bd. 1, p. 479 (1904). " Pholo- 
echQtc Action of Boion, Magnesiuni, and Lithium Nitndes," A. Remain, 
Ber. lUvtick. Pkys. Gtt., 6, S04 (igoSJ ; " Reaction -radidUoni," H, W. 
Woudslra, CAem. Wk. iiaJ., 0, 835 (190S) ; K. Hof and H. Habn 
("Radiation from Meicuiy Compounds"), Zeit. phft. Chtm., 80, 367 
0904) s " Metal Emanation*," L. Vaxetli, AtH R. Acad. Line, [5] 171 
(igo8);KmlilbBam, Phyi.ZeU.,9, 53; " Radiation from H,0„" J. Prccht, 
and Otzuki, Ber., t, 53 (190S) ; " Metals," E. Lq^ndy, ZtiL viisi. PAnt., 
e, 60 (1908). 
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CHAPTER XI 
organic photo-synthesis 
§ 163. Photolysis of Dyb-stuffs. 
Our last section must lead up to the central point in photo- 
chemistry, and the one which is still the least understood, vit. 
the photo-synthesis of food-3tu& by the chlorophyll function 
of green plants. This problem may be provisionally divided 
into two aspects : (<i) the determination of the nature and 
chemical constitution of the chlorophyll group uf pigments, 
and the manner of their derivation from proteins of the vege- 
table protoplasm ; (6) the kinetics of the assimilation process, 
both in T^ard to the preliminary semi-mechanical absorption 
and adsorption of carbon dioxide into the leaf, and the 
fixation of CO^ and H,0 to starches. 

Before briefly touching on this all-important act of assimila- 
tion, we may devote a little space to a consideration of the 
action of tight upon synthetic dye-stufis, both in bleaching- 
out such dye-stuffs, and in forming them, under appropriate 
conditions from leuco-bodies. 

Any given dye-stuff, exposed in a dispersed condition to 
white light, may — 

(d) Retain its colour, shade, and vividity, over sufficient 
time to be termed fast. 

(i) The colour may degrade or darken. 

(4 The colour may bleach or lighten. 

The stability of the dye-stuff is evidently a function of the 
intensity-gradient or energy -distribution of the light, that is, a 
function correlating intensity with wave-length or frequency. 

As altc<>dy pointed out (p. 168), the colour exhibited by 
the synthetic dye-stufis depends upon selective absorption. 
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This absorption involTes a certain oscillation or pulsation in 
the complex molecule of the dye-Gtuff, into the nature of which 
we need not enter here, beyond pointing out that in the case 
of fast or permanent dye-stuffs any physico-chemical chauge of 
state and constitution thereby involved must remain virtual, 
otherwise the dye-stuff will be impermanent. The art of 
desensitizing dye-stuffs so that they may remain fast to light, 
and which may in many cases be affected by the introductioo 
of inhibitory elements or radicles into the complex molecules 
is too intimately part of the theory and practice of dye-makii^ 
and dye-woiking to fall within the scope of this book. We can 
only deal briefly here with some of the factors involved in 
the reactivity of dye-stuffs in light, which have not only a 
mechanical importance in regard to their use in textile 
industries, but also a vital interest in the great part [riayed 
by pigments and dye-stuffs in living matter. 

It would be an error to suppose that the influence of light 
on colouring principles is only destructive, as in the well- 
known case of bleaching. It is equally capable of generating 
and deepening colour in suitable media. Thus the celebrated 
purple of the ancients was only brought to its full development 
when the preparation was brought into sunlight 

On such constructive and colour-engendering activities of 
light upon colour-bases we will speak briefiy later ; attention 
has already been drawn to this aspect of the question in dealing 
with chromatropy and colour-adaptation. 

§ 163. Relation of Absorption to Change. 

Whilst the energy taken in on selective absorption neces- 
sarily, on modern views, corresponds to the occurrence of a 
virtual or iso-dynamic reaction in the absorbing particles, this 
change is not sufficient of itself to imply any permanent after- 
effect To ensure a complete, realizable reaction, a depolarirer 
is necessary. Hence the importance of the kind of solvent or 
substrate for the permanence or otherwise of dye-stuffs in light 
Lazareff' has shown for certain dyes which bleach out 
' Vmdt's Ann,, 84, 661 (190;). 
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rapidly in white light, that by using " black" or temperature- 
radiation 'from a Mack body, hence light of known quality- 
value, the rate of decomposition was direcdy proportional to the 
energy absorbed per interval AA, and independent of the 
position of the absorption-maximum. He concluded that only 
a small fraction of the energy absorbed is spent in eSectii^ 
the photo-chemical decomposition, the greater part being 
used t]p in heating the absorbing layer. 

The chemical processes concerned in bleaching by light 
may be considered as primarily a reversible hydrolytic cleavage 
with irreversible auloxldation as a concomilant reaction. With 
respect to the upshot of the cleavage, and the nature of the 
colourless bleaching product, there has been considerable 
controversy. Whilst the majority of earlier observers ' con- 
sidered that the process was an oxidation, E. Vogel* re- 
ferred it, in the case at least of the triphenyl-m ethane dyes with 
which he woiked, to a reduction of these to the' leuco-bodies, 
from which the dyes may be generated by oxidation. In 
snpport of this he found that fluorescein did not bleach out 
in the presence of H,Oi, but did in a mixture of NH^OH and 
KOH. 

On the other hand, not only in the " mixed-bUck bleacbing- 
out" process of colour*reproduclion are peroxides used as 
sensitizers, but O. Gros ' found in the bleaching of tnphenyl- 
methane dyes that oxygen is used up. At the same time he 
noticed that many foreign additions could influence the change, 
in part catalytically, and also observed that (he leuco-bases of 
these dyes are themselves light-sensitive to some extent. 

Since then a great advance in the systematic investigation 
of the subject, as well as of the cognate problem of the relation 
of the photo-sensitiveness of dye-stuffs to their chemical 
constitution, has been made by K. Gehhard.* The results of 
previous observers might be summed up as follows : — 

' Od the history of die question tee J. M. Eder, CiichkhU d. PAHv 
ehtmU u. PAeltgrapUe (Knapp, Hille, 1906)] u>d K. Gebbud, Uberdie 
EimnrtMHgdts Lithta auf Faritn (H. Baaer, Maiburga. L. (190S)). 

* Wild. Ann., 43, 449 (1S91). 

* Zeil.phjit. Chtiit.^ 87, 157 (1901)- 

* U^ dit £iiiwiriiiiig da Utita auf Farien (Morbus a. L., 
T.P.C. 3 F 
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{a) In bleaching by light, oxygen is used up aod fixed. 

(A) Water or water-Yapour favours the reaction. 

(c) Analytical impurities, particulariy ceitain electtoljrtes 
and semi-electrolytes, influence the process. 

Gebhard tested the point at issue between Vogel and Gros 
by comparing the action of arc-light for a five-day trial of six 
hours per diem upon pure tetraiodofluoresceine from Hochst, 
and an ordinary commercial specimen. 

Action or Light. 

Addition. HOdui pndiKt. | CoDinDciil product. 



Darkened. I Ughter both in dark 

and lifbt, bat mote 
so in light. 
Little bleaching. Little bleaching. 

BEeachet both in daik Bleaches rapidl;. 
and light, faster in 
light 
Ai ToA darken!, then I 
bleacbe*. 

' I 



From these results, so opposed to Vogel's, it is concluded 
that though under rare conditions it may be possible photo- 
chemically to reduce dye-stufis to the leuco-bases, which should 
then be capable of regeneration to the dye-stuff by a photo- 
chemical action of opposite sigh, yet the dominant photo- 
chemical bleaching of dyes is an irreversible autoxidation 
process, the resultont product being quite diflferent from a 
leuco-base, for it cannot be converted into the dye by oxidation. 
(In connection with this, the difference between the rapid and 
the persistent alterations in the chromatropic dye-stuffs (p. 341) 
should be compared, also the ant^onisdc action of rays of 
different period in so many photo-chemical chaises.) The 
autoxidation itself may be either of the direct type, in that an 
unstable peroxide is first formed by the dye with activated 

H. Bauei, 1908) ; ZtU. angew. Ckemu, tt, 4J3, 1890 (1909) ; and Zdt. 
prait. Ci^^ U, 561 (1911). 
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oxygen, which peroxide then breaks down to a lower, 
stable one — 



R + 



0,5i 


■i-O 
1 




=-o 


::L 


-< 



3RO,5^aRO + 0, 
or another substance may act as an oxygen-carrier. The 
activation of the oxygen is conceivably favoured by the photo- 
electric currents which we have seen are given by many dye- 
stufis, and which can thus autocatalytically hasten their own 
decomposition in light and oxygen. 

The photo-chemical sensitiveness of dye-stuffs is to some 
extent associated with their capacity to act as optical sensitizers 
in conjunction with other sensitive materials, such as the 
gelatine-silver-halides of photographic plates. It depends in 
part upon the formation of a specific adsorption-complex of 
the dye with the substance sensitized. This photo-sensitizing 
is of considerable interest, as, apart from its importance in the 
practice of photography,' it suggests the tine along which advance 
may be made in dealing with the problem of photo-synthesis. 

We may also at this stage draw attention to the suggestive 
experiments made by Trautz* upon the inhiUlum or retarda- 
tion of certain autoxidat ion -reactions effected by light of one 
colour (thermodynamically, quality- value) which per contra are 
aaeUrated by light of another hue, the reaction-mixture being 
kept in a thermostat The reactions investigated were — 

Autoxidation of pyrc^allol, which is interesting as leading 
to naturally occurring colouring-matters. 

Autoxidation of aqueous sodinm sulphide. 

Autoxidation of cuprous chloride, in hydrochloric add « 
ammonia. 

' The liteialQie on coloui-sensiliziiig is icaltercd Ihrough many tech- 
nical journals. Good lefeieoces may be found in J. M. Eder, Hendiutk d. 
Pkelag., Bd. i (Knapp, Halle, 1906). For a paper by C. Winther on 
" Colour-sensititing of Edet's Solulioo," KC Zn/ tn>/. /'4c'., 9, va%\y,M\. 
' Eder's Jahrbuch d. Phet., p. 37 ( 1909). ^ 
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The mixtures were not shaken or stirred during exposure. 

Polar or antagonistic influence oi red and violet light upon 
the reaction with Cu,Cli in ammonia was observed, the effect 
being measured by the pressure of oxygen over the solution. 
Pure sodium sulphide, free from sulphur or polysulphides, is 
practically insensitive to ordinary light; but colloid sulphur- 
nuclei and polysulphides, which colour the solution yellow, 
make it sensitive. Autoxidation is favoured by red light, 
inhibited by violet In this, as in other cases, continuing or 
persistent actions after cessation of illumination were observed. 

$ r64. Photo-srnsitivemsss and Constitutiom. 
An important contribution to the correlation of photo- 
sensitiveness with chemical constitution of dye-stuffs has been 
made by K. Gephard.' He points out that not only must the 
relative nature and relative positions of substituents to one 
another and to the chiomogen be taken into account in deter- 
mining the stability or otherwise of a dye (and it hardly need 
be remarked that stability to light is the essential point here), 
but also the strength, distribution, and reactivity of the valencies 
or linkings between them. To express the sub -divisibility and 
reaction-capacity of the valencies, be adopts a modification of 
Thiele's theory of partial valencies* and the wavy line intro- 
duced by Bayer to express ionizable substituents in a complex. 
Thus a distinction is drawn between " ionization," as a 
reduction-division of the valency, and dissociation, implying 
complete segr^ation of the atoms. This is represented in the 
following symbolism ; — 

( ) A— B -^ A "B 

ionization 

( ) A-B -> A -I- B 

dissociation 

the formula A — B, and the state of dissociation A + B, 
representing limiting conditions, antithetic states of the union 
of A and B, which is considered to be primarily ionized in 

I Joia^. frail. Ciem., t*. 561 (igil). 
' Cf. J. N. Friend, ya/emy, this mia. 
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the condition denoted by ---A --^B — by absorption 
of light It is this quasi-desatunttion of the doublets in any 
complex which affords the opportunity of adsorption to other 
bodies, eithei subsata or atmospheric gases. Gephard appHes 
this conception to the elucidation of many particular phenomena 
in dye-stuff chemistry, for details of which the original paper 
should be consulted, and argues from it in support of the theory 
that in the dyeing of fabrics there is an inner chemical anion 
between the dye-stuff and the fibre, not a mechanical adhesion 
merely. But in all cases of adhesion it is to be urged that the 
actual forces ill operation do not differ intrinsically, but only 
in matter of interpretation, from chemical affinity. Although 
we cannot enter here into more detail on the photo-sensitiveness 
of dye-stuffs, it may be pointed out that the question is of 
considerable importance in more than one direction, and 
partly from the possibilty of its throwing some light on the 
problem of photo-synthesis, which is effected by chlorophyll. 
And at this point it may be suggested that, not only as Baeyer 
has indicated, do halt^ens and negative radicles play a prime 
part in the colour-disposition of organic dye-stuffs, hut that, 
even in purified specimens, in which all metallic elements 
proper are supposed to be removed, it is not unlikely that 
traces of metals persist, the mutual energy of possible electro- 
lytic couples determining in hght to some extent the range of 
colour phenomena. 

S 165. Orgahic Stnthbses in Light. 

The efficiency of light in bringing about oi^anic reactions, 
often only to be otherwise achieved by a very roundabout 
laboratory process, has frequently been remarked.' Of recent 
workers in this field we may notice in particular Ciamician and 
Silber,' H. Stobbe.' 

Klinger * showed comparatively early that quinones could 

' Cf. Gephard, be. eiL, p. 565. 

* Btr., S8, 4a66 (1903), and many other papen ; alto in ihe Alii Hem. 
ActaJ. Lintri, 19, 335 (19OJ). 

• Ber., S7, 1231 (1904); Ann. Chtm., 148, 333 (1906). 

' Ar.,>l, 1314(1898), , , ( ;,,,,,,lr 
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be reduced in light to quinhydrones or ultimately to di- 
hydroxy-benzene under ceitaia conditions, further that aro- 
matic ketones underwent partial reduction and condensation 
to pinacone derivatives. Alcohols may also be oxidized up 
in stages similar to those effected by Terment-actions. An 
interesting reaction induced by light upon an alcoholic solution 
of rlitio-benzaldehyde was observed by Ciamidan and Silber.' 
The M-nitro-benzaldehyde exposed in absolute alcohol, as also 
the ^body, undergo slow transformation to resinous bodies. 
On the other hand, the i?-body gives the ethytestet of iMiitroso- 
benzoic acid. The sensitiveness of nitro-bodies has also been 
noticed by Sachs and Hit pert.* 

In this connection the luminescence-accompaniment of 
several organic reactions deserve mention. Most of these 
involve autoxidation, in some cases apparently intra-molecular. 
Aldehydes, phenols, and alcohols in alcoholic solution give a 
strong luminescence with 30 per cent. HjO^,, with bromine- 
water or other halogen in water. Examples are — 

Acetylene (gaseous) with Clj or Br,, (gas) gives yellow- 
green luminescence. 

Formaldehyde in alcoholic potash when shaken. 

Carbazol 

Anthracene With bromine-water and hot alcoholic 

Fhenanthrene potash. 

Anthraquinone 

These reactions may perhaps yield some information on 
the processes occurring in luminous bacteria, A species of 
symbiosis, affecting the fixation of oxygen, appears to obtain 
between the leaves of certain planU and photogenic bacillL' 

§ 166. Photo-chemistry of Chlorophvll. 
Chlorophyll or leaf-green is the name given to a hetero- 
geneous aggregate of pigments extracted from plants; repre- 
sentatives also occur in certain animals, notably the Tunicata.* 

' Rttidi. R. Atcad. Lined Rom., 10, 32S (1901). 
' Bit., ST, 186 (34^5). 

' H. Molisch., Dii Uuchtindc PJiantiH u. Tieri (Pcag-. '903). 
' This 19 still debateable, as the chloropliyll in certain of euch caaei 
appears to be due to a symluosii of vrgetable OTganiims (Algae) with 
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The heteri^eneity of this aggregate, and the absence of any true 
chemical compound as the basis of chlorophyll, corresponds — 

(a) To the prime function of chlorophyll as a photo-chemical 

sensitizer and ferment. 

(b) To the nature of the' aggregates as intermediate meta- 

bolic [diases, maintained in very sensitive equilibrium 
by the reciprocal interaction of light and atmospheric 
forces on the one hand and the enzymes of the plant 
on the other. 
Anything like a complete account of the work done on 
the physical and physiological side firstly of the assimilation 
question, and on the chemical aspect of the transaction 
secondarily, would take too much space. The principal in- 
vestigations on the physical conditions of assimilation, the 
consideration of the energetics and economics of the process 
are due to C. Fr^my, TimirazefF, P. Blackman, and Brown and 
Escombe. An excellent account of the influence of light upon 
plant-growth will be found in Pfeffer's Physiology of Flanls 
(A. J. Ewart's translation), vol. ii. p. 85. Whilst Timirazeff 
has particularly studied the relation of assimilation to the 
energy-distribution in the light, and finds that the principal 
activity occurs in the yellow-orange-red, a minor action also 
being effected in the blue ; he has also considered the variation 
of total intensity, and finds that the efficiency is very consider- 
able for moderate intensities, but diminished greatly when the 
intensity is greatly increased. The curves illustrate the relative 
action in the spectrum. The ratio of fixation of carbon 
effected in the yellow to that in the blue is about 100 : 54. 

The problem of the efficiency of the process has abo been 
studied by H, T. Brown and Escombe.* A leaf, which may 
be still a member of its plant, is enclosed in a fiat air-tight 
vessel with glass walls. A measured current of air is rapidly 
passed over it, and the amounts of COj and HjO determined 
subsequent to photolysis, a check experiment being performed 
without the leaf in a parallel vessel to determine the original 

inimil organisms ; cf. Plant- Animali, F, Keeble, 1910 (Cambridge 
MRnuali of Scieocc). 

' FMi/. 7ram.,lM, 6.333(1900). 
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proportions. The area of the leaf being measured, and the 
intensity of light and temperature altered at will, the efficiency 




74O7o>)66oCjasao54O5oa40O4ao 

>- Wave - laigth. 

Fio. 47. 
of the process can be estimated. Tlie following table exhibits 
a typical set of results : — 

Table XXXVIH. 
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These experiments indicate a comparatively low efficiency 
In i^ard to the utihxation of the incident radiation to 
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decompose CO2, about 1*7 per cent, being the greatest 
percentage used. But very many other factors have to be 
taken into consideiatioD, and the efhcJency is not absolutely 
fixed, but varied to suit the economy of the plant. 

§ 167. Mechanism of Assimilation. 
As the experiments of Brovn and Escombe have helped to 
demonstrate, the photolysis in the leaf cannot be considered 
apart from the atmolysis (diffusion-currents of the atmospheric 
gases) and the hydrolysis, or transpiration of water. These 
are consequent, and to some extent simultaneous processes 
with the photolysis proper, but if we consider them provision- 
ally as independent, we may query the nature of the actual 
photo-synthesis. For all the low efficiency spoken of, relative 
to the gross leaf-area, if the microscopic anatomy of the leaf be 
taken into account, a somewhat different complexion is put 
upon the fact. Under optimum conditions the rate of absorp- 
tion of CO, from air was found to be about one-half that of a 
50 per cent, solution of caustic potash of equal area. Now 
the actual apertures between the guard-cells of the stomata, 
through which the gas must pass, do not form more than 
I per cent, of the total leaf-area, so that the actual rate of 
absorption of the CO,, was some fifty (50) limes as rapid as 
that into the potash. But we are yet in considerable ignorance 
of the process by which this influx is maintained. Empiri- 
cally, the CO, is split into carbon and oxygen, which last is 
principally liberated as ordinary free oxygen. It is interesting 
to note that the atmosphere about a leaf is ionized, and we 
may recall at this point the decomposition of COi which is 
effected by ultra-violet light and EnlladungstraAlen. The 
main act of the fixation is the formation of carbohydrate 

mC -f mH,0 = C„H^O„ 

the suggestion being formerly that starch is the first carb> 
hydrate formed (the production of which consequent with the 
photolysis may readily be shown with iodine), but the starches 
form a rather heterogeneous aggregate, of which the true 
starches (as distinct from inulin, etc) have a six-mi 
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carbon-chain as unit, and all that we can be certain of SO i- 
as carbohydrate formation is concerned is that in consequence 
of the photolysis (which, in view of the Uuorescence and 
luminescence of both the nitrogen-containing alkaloids, dye- 
stuffs, and proteins, as well as of the carbohydrates on iso- 
dynamic changes of state, is probably a true conduction of 
light, specific luminophores moving in the protoplasmic streams) 
a more or less determinate connectivity {yer^edening) of 
caibon-atoms with attached side groups and chains is continu- 
ally built up, breaking down locally to supply the more readily 
extractable and crystallizable components of the organism. 

Baeyer suggested that formaldehyde, CH^O, is first formed, 
according to the equation 

CO, + H,0 = CH,0 + 0, 
which is then condensed to a hexose 

C,H,,0. 
but the evidence in favour of this hypothesis is somewhat 
scanty. Priestley and Usher claim to have formed formalde- 
hyde from COj and water by " dead chlorophyll " from killed 
leaves, in the presence of sunlight and uranium. 

From Brown and Morris' investigations it appears higjily 
probable that cane-sugar is the first sugar formed, from which 
diastases in the leaf rapidly form maltose, dextrose, levulose, 
and such readily soluble sugars which can easily undergo 
translocation in the sieve-tubes and be recondensed elsewhere 
if necessary to reserve food-stufis. 

§ i68. The Chemical Nature of Chlorophvll. 

As already stated, this is rather an indeterminate group or 
aggregate of substances in flux than a definite chemical species. 
But it is possible to isolate a series of fairly definite products 
from the crude extracts with alcoholic solvents. In this 
process of fractionation the names of Hoppe-Seyler, Schuncke 
and Marchlewski, and Willstiitter stand out particularly. By 
far the most important result of their labours is to show the 
very close affinity between the haemoglobin-pigments of the 
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:.jd of animala and the chlorophyll group. Hoppe^yler 
'>|}Uincd by alcoholic and ethereal extraction of grass leaves, a 
rystalloid substance, chlorophyllan, which gave upon decompo- 
ition with KOH an acid, ehromanlinic acid. This yielded 
with excess of mineral acid a purple-blue pigment, phyUe- 
^orphyriit, the composition and properties of which are very 
similar to those of hamaloporpkyrin, obtainable from hamin 
of the blood. The gist of Hoppe-Seyler's worlc is exhibited in 
the following table, taken from a review of the chlorophyll 
investigations by C. Schryver ' : — 

Tablb XXXIX. 

ChlorophyL 
■^OH] '^S^Hjdiolyws with weak «cid] 



A!kah-ekSo< .^ .,.. 

[Add wltitioa pused 

into hot jalcobol] 

Elkyl ^yUo-laetiin 



with alcoholic NrOH) 



T 



Pkylle-perphyria 



ill I stronger 



Willslatter and his co-workers, using a different series of 
purifying methods, obtained from the products of mild acidic 
or alkaline hydrolysis of Morophyll substances, which on 
fractionation of their ethereal solutions with acid in graded 
strengths gave a new series of products, which he divided into 
two main groups, the phytoihlorim (blue to green pigments) and 
the /Ay/iv'^oa^V/j (reddish pigments). A fact of considerable 
importance educed by Wjllstatter is that magnesium is an 

' Sti. Frog., No. II, P.43J (1909). 
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essential constituent of the chlorophyll group of activities, 
holding much the same position with r^ard to them that iron 
does in blood-pigments. Part at least of the chlorophyll 
aggregation is an ester of an unsaturated alcohol, termed 
phytol by Wilbtatter. "nie main steps of this investigation 
may be given as follows : — 

Table XL. 
Lraf-gieen 



f 

Non-ci^slallizable 

chlorophyll 

{contains pbylol ntei c 

Mg-complex) 

[DilnleAcids] 
Phacephytin (no Mg) 



Ciyslallisible 

chlorophyll 

(contaiiu Mg-complex, 

' ■ pkytolaiiT) 



[Alkalie 






L 




No doubt many of the pigments of \}a& phyto^kodin group 
are similar to the red and fulvous pigments common in most 
leaws towards autumn, but also occurring at any stage of the 
year in the other parts of plants. 

The work of Schunclc, Marchlewski, and Nencki is also of 
great importance in this direction ; they established the affinity 
of the chlorophyll pigments with heterocyclic ring compounds 
of a simpler type such as pyrrol — 



HC| 



-CH 

yCH 

'NH 



..jcC.oogIc 
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The principal operations and results of these investigators 
are shown in the following table : — 



[Trwied with I weak 



hS)' 



tStronger I H 

Phyllo-xantbin (yellow-giwn ciystils) 
[SttODger I HCI] 

Pllfllo-cyutio (blue-green crystals) 
" "- ICone. KOH >t hig* temp.] 




^^CoDc. KOH «t afio"] 

PbjHo-poiplijtin 
C,«H„N,0 

It win be useliil in this conjunction to give a bri^ comparison 
table of the reduction of derivatives of blood and leaf-^een to 
a common body. 

Table XUI. 
Blood Le*r-ijteea 

T + 



(Nenckii^'Siiber) 




(N«iKki>nd MftreUewdci) 



cC.oogIc 
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The intimate relationship of the blood-pigment hsmato- 
poTphyrin and the leaf-greeo pigment phyUo-potphyrin, is 
vouched for to some extent by the nearness of their empirical 
formulae : — 

Hsmato-porphyrin CMH^OfN. 

Phyllo-porphyrin CwH^O.N, 

By reduction of the former, a meso-porphyrin, C^HmOjNo 
was obtained. 

Other pigments are also isolated from leaf-green beside 
chlorophyll, such as carotin and xanthophyll. True, these 
substances are yet almost as indeterminate in constitution as 
the protein-components of the plasmas from which they are 
derived, but the importance and magnitude of such investiga- 
tions cannot be judged solely from the conformity or otherwise 
of any separate stages to certain rigid criteria of purity and 
singularity, but rather by the sequence and progression of steps 
by which the unknown is drawn within the expandii^ circle of 
the known.' 

The heterogeneity of chlorophylls derived from different 
sources, the specific differences between the chlorophyll from 
one species of green plant and another, owes very little to 
adventitious or accidental causes, but is rather a direct continua- 
tion of the heterogeneity of the protoplasms of the different 
species in question. If, subjectively, sight has a hegemony as 
pHmus inter pares among the senses, the same may be said, 
objectively, of its medium, light, in regard to the energies of 
nature. We are only at the beginning of the conscious utiliza- 
tion of the powers of light, as distinct from the unconscious 
enjoyment of them. 

' A very comprehensive review of Ihe chemislrj of dUorophyll i» given 
by C. Schryver, Set. Preg., No. II, p. 431 (>909). Further »ee Hoppe- 
Sejler, Zeit. pkysiel Chtm.,i, 339 (1879) ; WillUattcr, Liib. j4>rM.,W, i 
(1906) ; iHJ; 4S (1906) ; Schank and Maichlcwski, Ziei. Ann., Xlt, 319 
(1894); tlso H. MtMOi, Die Farbite^e dis CItlDrgfAylli (Darmstadt, 18S9}. 
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— , — of finite, 411 
Actiration, pholOK:hemical, 379 
Activity. See Optical 



Adsorption, with photo-halides, 331 
Affinity, hetero-ehemical, 320 
— , homo-chemical, 330 
— , photo-chemical, alteration of, 

a4S. 35' 
Albedo, iS 
Alchemy, 3 
Aldehydes, chemi-lnmiocscence of, 

438 
Aldoximes, oriendation of, in light, 

343 
A Hot ropy and photo-chemical 

change, 133 

— ofsUver, 326 
Amino-acids, 308 
Amlno-gronp, 174 

Ammonia, as Inhibitory substance, 
389 

— , photO'Chemicat formation of, 310 

Amphi-myxis, 343 

Anhydrides, photo-chemical forma- 
tion of, 343 

— , formation with organic bodies, 
»30 

— , fonnalion with inorganic bodies, 
319 

Anthracene, photo-polymeriiation 

— , photo-electric eflTect with, 367 
Antimony, allotropy of, 138 
Antipodes. See Optical 
Arc light, 93 

— spectra, 390 
Arsenic, allotropy of, 338 
Assimilation, gieetl-lea^ 439 tt itq. 
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Asymmetric atom, 344 

— synthesis, 304, 345 

Atmolysis, 106 

Atmosphece, photo-chemical change 

in. '35 
Atomic hypotheses, 167 
— rii^ fbimstion in *olid$, 310 
Anto-cataly«is, 319, 198 
Auloxidation, 354, 4J5 
Aaxochiomes, r69, 174 



Btieyei's theory of halochromy, 1S4 
Band spectrum of beoiene. Sn 

Benzene 

— spectra of pho^Qrt, 40a 
Bases, pseado-, 161 
Bathochromc group^i, 169 
Beet's law, I4J 
Benialdehyde phenyl-hydraione, 

341 
Benzene, absorption s[iectrum of, 

iSo 
— , dynamical theory of molecule, 

■So 

— action of halogens in light, 316 
~ as chiomogco, 169 

Biology, relation of photo-chemicftl 

change to. 54, 69, 414 
" Black " radiation, 54 
^ temperatures, 69 
Brightness, photometric, 3$ 

— of phosphorescence, 404 
Bromine as photo-catalyst, 316 



Cadmium vapoor lamp, 47 
Calcium sulphide, change in light, 
336 

, phosphorescence of, 406 

C arbon compounds, photo-chemislry 



Caiboo iilameot lamps, 90 

— monoxide flame, 85 
Carcei lamp, 33 
CaCabolic pTocettes, sag 
Catalysis, in luminescence of gase*, 

"65 
— , pholo-chemlcol, 337, 38S, 393 
Catatypic procesaes, 351 
Cathode ray», 347 
Ceria in Welsbech mantle, 88 
Chemo-taxii and light, 333 
Chlorine, photolysis of, 381 
Chloro-pyridines, absorption spec- 

mm df, 174 
Chromatropy, 3x4 

— of photo-halides, 334 
Chromic acid and quinine, 244 
Chromium, 337 
Chromogens, 16S 
Chiomophotes, t68 
Classilication of pbolo- chemical 

Coal gas flame, 84 
Colloids and absorption, 145 
Colloidal state and oxj^en, 394 
Colour photometry, 37 

— and ioniiatioQ, 153 ^/ny. 

— adaptation. Sre Chromatropv 
Compensation for light-absoiption, 

342 
Condensation-nuclei, 3S4 
Constitution and absorption, 16S 

— and fluorescence, 411 
Copper salts, colour of, 154 
, equilibrium of, in solution, 

|S7 
Critical point, 384 
Crystalline state, 320 
Crystallogenus and photolysis, 3Z3 
Cyanogen, polymeriialion In light, 

366 



Decay of photo-electric eflecl, 377 
— of phoaphoretccDce, 408 
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Decomposition of silver halides, 
fAoto-chemioil, 337 tt ttq. 

— of feiric oxalate, t%t, 093 

— of mercuiic oxalate, agi 

— of OEone, 309 
DedDCtioa-period, 378 
Denutjr of atmotf^re, 1 13 
Dextrose, tonnation by l^ht, 344 
Diacet;!, 171 
DianthiaceiK, 187 
DiaphngEM, 3$ 
Diaio^ompouiids, liglit sensitive- 

atsAol, 344 
Ditlribulion of energy in spectraui 
of black body, 58 

— of enei^ in speclrum of sun, 1 10 
Doppler effect, 60, 168 

Double bonds and light-absorption, 

171 
Dje-stQ&, abaotption of light by, 

43a 
— , photolysis of, 431 tt stq. 
Dynaiiiical lheoiie» of alisorption, 

176 

of fluorescence, 477 

of pboapboiescence, 406 



Economics of light souicea, 78 
Electric glow lamps, 89 
Elecliolytic ditsocialion, 153 
Electro mEtei as actinometci, 357 
Electron theory of abtorption, 177 

of photphorcKcnce, 411 

Electrons, generation of, 347 
Emanation, radio-active, 353 
Emission power, Ji 
Endo-actinic changes, 151 
Energetics of radiation, 51 et stq. 
Ene^ corves of light tooiccs, 107 
Entropy, increase of, aiS 
— ttansfonnation, eqnivalent of 

energy, 301 

T.P.C. 



Equilibria, photo-chemical, of silver 
halidcs, 330 

— of fiilgides, 340 

— in solntions, 155 
Equilibrium, photo -chemical, 188 

— photo -chemical, of anthracene, 
319 

— of allotropes of elements, 135 
— , mobile pboto-chcmical, 345 

— of radiations, 53 

— of dynamic isomen, 190 

— , photo-chemical, of ozone, 356 
— , dynamic, of colloids, 332 
— , "false," 247 
Exo-aclinic changes, 251 
Extinction coefhdeat, 144 
— , photo-cheiDickl, 1S6 



Fatigue, pboto-electric, 367 
Fermat'slaw, II 
Ferments, photo-, 303, 309 
Ferric oxalate, light-sensitiveness 
of, 193 

— salts as photo-catalysts, 193 
Filaments, glowing, 89 
Flames, nature of, 3S9 tt stq. 

— as standard radiants, 84 
Flicker photometcn, 37 
Fluorescence, 350, 421, 439 

— of mercury vapoor, 165 
Fluorine, 315 
Fluorogens, 423 
Fluorspar, 361 
Fulgides, 341 



Gases, nucleation of, 284 
Gelatine, influence on fluorescence, 
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GeUiiao-iilTer-br<»ud«, 324 
Geometrical laws of light, 9 
GUs*, absorpLion of, 97 

— u1ti&-TioIel tikmrnitsjon, 361 

— Uviol, 97 

Glow kmpx. &e Electric 
Graphic formnlK, 343 
Grating, Dormal spectrum from, 
■04 

— spectrum, intensit;, 105 
Green leaf gynthesii, 430, 439 
Gruaps of electrons, 347 



H 

HsMXKflobin pigtueDts, 445 
Ilalides of silver and light, 184 
Halochromy, 184 
HalageDs, ligbt-senutiveneas o( 

314 
Heat, ndiant, 199 

— and allotiop]' or elements, 133 
Heats of chemical reactions, 151 
Hefner lamp, ai, 33, So 
Hetero-cbemical systems, 195 

— affinity, 3Z0 

Heterocyclic ring compounds, 423 
Heterogeneity in gases, 304 

— of light, 381 
Hexadic conGgnration, 299 
Hexoses, 443 

History of photo-chemistry, t 
Homo-chemical affimly, 194, 310 
Hydrate theory of solutioQs, 155 
Hydrates and selective absorption, 

167 
Hydiaiones, chrnmaUropy of, 341 
Hydrogen and chlorine, photolysis 

of, 264 

— chlorine actinometer, 341 

— peroxide, 35 1, 364> 393 
Hydrolysis, influence of light on, 

319 
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Iatro-cl]«misb^ 3 

Idio-chemical attraction. ^HOMO- 

CHEUTCAL 

— induction, 373 
lUumiuation, 77, 119, 133, 136, 138, 

Imino-ketones, 173 
Index of refraction, [3 
Induction, electro-dynamic, 374 

— photochemical, 36S 
Induration of dye-«tuffii 341 
Infra-red rajf, 4 

InhiUtion and colloidal state, 332 
Inhibitory substances, 387 
Inlentity, chemical, of dayl^hl, 33 

— of pbophorescence, 404 a Mf. 

— mean spherical, 78 
Insolation vessel, 241 
Intermediate compoimds and cataly- 
sis, 318 

Inverse square law, 37 
Invetsion of cane sugar by tight, 344 
Iodide of silver, 371 
Iodine solution*, 317 
loniiation and absorption, 154 
Irreversible processes, 337, 331 
Iiochromates, ladialioo, 63 
Isodyoamic change, 180 
laoiTopesis, 179, 1S3, 186 



Ketones, chronialfopic, 340 
Keto form of taulomen, 178 
Kinetics of pholo-chemical change 

317 itt^. 
Kinetic energy of elections, 347 



Labile hydrogen atom, 175 
Lamp, Hefner, 31, 80 c 
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Lamp, PeDtane, 3i 
— , electric glow, 19, 89 
— , incKodeKent gas, 86 
— , neicuiy vapour, 97, 98 
Lens s^enu, 340 
Lighl, theories of, i 

— genent in chemical change, 3 

— niuts. Stt Fhotohetrt 

— eminion, Jir Radiation 
^ foarcei, ene^ei of, 7S it siq. 
—f ptioEo-cllemical comparisons, I03 
Line spectra, 340 

Linking, ethenoid, 171 
Liquid state, genesis of, 185 
LoHof light by reflection, 141 
Luminescence, oatnie of, 51, 384 

— kinds of, 384, 385, 388 



Magnesium, in chlorophyll, 443 
— , relative actinism of, I03, 115 
Mi^netism and al>ioiplIon spectra, 

Manganute ion, photolTsis of, 347 
' Blass, active, of l^ht, ai i 
i — action and photolysis. Set 

I KiNKTICS 

{ Maturation of " gels," 392 

Maximum work, principle of, 3E3 
Mechanism of assimilation, 441 
Metabolism in plants, 339 

^ — and fluorescence, 434 

Metallic vapoan, fluorescence of, 

Metamorphosis, structural, of cot* 

loidi, 311 
Hetatheiis, chemical, 391 
Mercuric oxalate, 391 
Mercurous chloride in catiiode tay, 

; 350 

[ Miceihe in aqueous solutionSt 1 56 

— in vapours, 304 
' — in photo-halidet, 33a 



Mohile equilibrium, photo- 
chemical, 345 
Molybdenum, phototropy o^ 337 
MorphogeDesis, 313 
Muta-rotation of sugan, 344 
Mnlual induction, 380 



M 

Naphthalene-red, 419 
Nascent state of elements, 363 

— carbonyl group, 178 
Negative catalysis, 183, 388, 393 
Nitrate, potassium, ultra-violet, 

absorption of, 96 
Nitrates, absorption of, 161 
Nitric acid, photochemical syn- 
thesis of, 365 
Nitrogen, activation of, 365, 364 
Nomenclature of absorption co- 
efficients, 144 
Normal spectrum, 104 

— tone actinometer, 137, 133 



Ocular, flnorescenl, 96 
Opacily-meter, 37 
"Optical" absorption of light, 187 
Optical activity, 203, 344 

— path o( ray, 1 1 

Order of pbolo- chemical reactions, 

343 
O^anic syntheses, photo-chemical, 

••38 

Orientation, pholo-chemical, of 

reactions, 195, 33 1 
Otdllation frequency of light-iravea, 

147 
Oxidation, photo-chemical, aoS 

— of phosphorus, 386 

— of hydrogen iodide, 331 tf tij. 
Oxidea of hydrogen, 393 
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OxidiaiDt: actum <A long waTcs, 8 
Oxygen, bleaching action on dyes, 
4.43S 

— Mid [Aoto-ekctric fatigue, 367 

— and sA.ia iodide, 371 

— compoandi, Giottlius' thcoiy, 6 

— phototropy of, 137 

— riU in ptiotoljses, 189 
Oiazonei, duomatropy of, 34 1 
Oione, 353 {t teq., 199, 309 



FantocluoiniiiD, 340 
Fata-cyani^:en, a66 
p- {para) pi peiooylidioe -acetone, 

340 
Partial oxidation, 351 

— reduction, 351 

— valencies, iSl, 436 

Passive stale of elemcDU, 33}, 368 
Penla-chloro-pyridine, 174 
Pentane. Sa Lamp 
Periodic system, 336 

— phenomena, 3S6 

Peisiitence of absorption bands, 147 

— of vision. See Fuckek 
Phacophorin, 444 
Phacophytin, 444 
Phenanlhrene, 43S 
Phenazines, 413 
FbenxMMoes, 433 
PhenolphthalelD, 431 
FluMgene foimalion, 5, 295 et leq. 
Phosphoiesoence, 398 et 'eq. 
PhMphoio-jduMography, 404 
PbosphoroKOpe, 399 
Phosphonw, 335, 386 
FholantiEiifdineter, 131 
Photo-cat^ysU, 194 

— ferments, 395 

— hkltdei of sUvei, 333 
Photo^bemical equilibrium, ao8 



Photo-electric conenl*, 355 

— potentials, 373 

— pbolometet, 96 
Fhoto-etbnic actions, 351 
Photography, Invention ^, J, 7 
— , coloDT, 335 
Photognphic procesi, 338 
Photography of absorptioa ^leclja, 

M7 
Photo-ionintion of gases, 356 
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PboEoinelers, 35 et teq. 
Pholomebic law, 17 
Fbolometiy, 14 H siq. 
Fboto^ensitivenesE of dyc-stsb, 

436 
Photo-synthesis, organic, 431 
FholotTopy, 191 
Phyllo-cyanio, 443 

— -poiiJiyrin, 443 
mtan, 443 

— -taonin, 44] 

xanthin, 443 

Phytocblorin, 444 
Phytol, 444 
riiytorhodin, 444 
rian-tymmetiy of molecsle, 343 
Plant-life, evolution of, 339 
Platmum, photo-electric e^ct with, 

Polariiation photometen, 40 

— of light, 141, 369 
Polygonum, 440 
Polymerinition, 314, 355, 364, a66, 

317 
Potassium, photo-electric effect 

with, 362 
Fresioie of light-waves, 57 
Prism, minimum deviatioo, 43 
Prismatic ipcctmm, 104, 105 
Pseudo-reversible reactions, aia, 

213, 331 

Purity of qiectnim, 49 
Pytomeliy, optica], ti6 
Pytone, 433 
Pym.1,444 CioQi^lc 
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Qntlit; value of ndianU, 63, 84, 

98, III, iia, 39J 
Qnantnm theory, Pbnck'j, 382, 

411 
Quutz Umpi, 97 

' ' D of iiI(ia-*iolet ia.y%. 



Quinine, rcactioii with cbiomic acid, 

— flnoretcence of, 419 
QaiDOM, nlUa-TiolQt, flaoiescence 

of, 413 

— redaction hj light, 165, 438 
Qninones, iionopesii of, r79 
Qninonoid, theory of colonr, 171 
Qaino-qaioolines, phototropy of, 

Qoinque-valcDt nitrogen, 170 



Radiant heat, 199 
Radiating power of light sonrcer, 
. 79rf*ff, 
Radiation, enei^tiai of, 50 «( ttf. 

— eqallibriBm, 31 

— fonnalie, 64 

— fanctioft, 56 

— scale of teroperainre, 71 
Radio-activity, 353 

I Radiomelry, 66, 67, 108, 109 

Redpioctty law, tl6 
, Reflecting filmi, 347 

Reflection, lawi of, 10 

Refractive index, 11, 12, 14, 196 

Regional divi^on of nltra-violet 
light, 361 

RetrogressioQ of photo-chemical 
) eifectt, 193 

I Revenlble changei, 19$, 114, 117 

f Rhodamine, 133, 374 

I RaUdinm photometer, 96 



Salt formation and colour, 160, 173 
Salli, metallic, pboto^ensitiveness 

of, 5 
Saturation of vaponia, 393 

— of current, 358, 3S9 
Savart plate, 44 
Sector wheels, 27 
Selenium, allotropy of, 334 

S elf-indu c tion of alteroaling current, 

873 
Serief spectra from flames, 397 
Shape of cryilals, 330 
Silent electric discharge, 364 
Silver, colloidal forms of, 326 
— , chromatropy of, 337 

— halides, chromatropy of, 354 

— sails, photolysis of, 314, 317 

Skin efTeclt. Sit SUKFACE ten- 
sion 
Sodiam, anode rap bata, 355 
Solid state of matter, 253, 310, 351 
Solutions, absorption spectrum of, 

Solvation, 151, 15s 
Spaik spectra, 390 
Specificity of colloids, 333 
Speclro-photometers, 40 tt stq, 
Spectro-photoraetiy of radiants, S3 
Spectroscopy of phosphorescence, 

403 
Spherical intensity, 77, 79 
Spontaneous atomic disintegration, 

366 
Stationary condition, 1S3 
Stefan-Bolimann law, 56 
Stereo-isomerism and photolysis, 

343, 344 
Stokes' law, 414 
Structure, chemical, and fluores- 

Snlphnr, allotropy of, 333 
Sun, light from, 80 ~ 1 

-u.ilU.l,io8,.W«Ogl'- 
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Sunlight, actinometr; of, 114, IlS, 

III. 123,13a 
Suiftce brightacsi, 77, 79 
Surface lension and qaantnin 

Iheory ofiadiiCion, 382 
Synei^ of pboto-fcrineotE, 308 



T«u(omerifm, 175, 176, 179 
Tellurium, phototropj' of, 337 
Teropenlure and absoTption, 150, 

163 

— and photphocaceDce, 41a 
—, "black," 69 

— of acetylene flame, 86 

— of Auer lamp, 89 

— of electric flUments, S9, 90 

— of Ilefuer lamps, S3 

— of Nemst lamp, 93 
-of radiation, 57, 61, 65, 71 
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Telrachloro-pytidine, 174 
Theories of light, t, 3 

Thenao'Chemical noiailon, 301 
Transformalion of alereo-isomen, 

34a 
Transmission ol light, 143 
— coefficient, 141, 146 
Transmutation hypothesis, 368 
Transpniency, photo-ehemical, 348 
True eqailibrium, 305, 331 
Tungsten, 337 



Ultra-violet light and atmosphere, 

>J4 
absorption bands, 178, 1S3, 



Ultra-violet lig^t and ionin.U(>ii, 
etc., 355, 363, 36s, 399, 413 

and photolyas in gales, 353, 

356, 36a 

, aclinometry of, 96, 358 

, discoTcry of, 4 

, emission of, 3S1 

, pholo-chemical action of, 

36s, 44». 4*5 

, r^onal diTt^OD of, a6l 

— flaorescence, 434 

— light sources, 95 

Uniform period in chemical chanEc, 

30s 
Units, ligbi, tgauf. 
Uviol glass, 97 



Valency and contra-Talenc; , 319 

— aod electrons, 301 

— change and photolysis, 351,413, 
413 

— , Thiele's theory, 436 

Valne ofactinomelry, I17 

Vapours, mclallic, 413 

— , photo-chemical condensation of, 

284 
Variable period of photolysis, 388, 

390 
Varying circuit, 275 
Velocity of photo-chemical chaise, 

209 rf«y. 

— of phosgene formation, 295 

— of catalyied pholol)-sis, 307, 309, 

313 

— gradient of eleclrions, 347 
Vibration of labile atom. Sre 

Tautomkkish 

— equations, 19S, aoo, 401 
— , na.ture of RuorescenI, 439 
— , polarised, 14 
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Water, absorption band of, (85 
— , influence on photolysis, 4, 2S1 
- — Tiponr and ions, 358, 360 
Weber's photome tei, 33 
Welibach lamp, 8;, lot 
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